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ABSTRACT
The Influences of five common tramp elements P. S. Sn. Cu and Ni at 
typical residual levels on the intergranular stress corrosion cracking (IGSCC) 
of a typical mild steel. (0 . 15%C, 0.8% M n and 0 .05% S i), are studied in 
nitrate solutions and a mixture of carbonate and bicarbonate solutions. The 
relative effects of these Impurities are examined in terms, of the 
electrochemical properties of unstressed material, of the IGSCC susceptibility 
in a constant strain rate test, and of the grain boundary and surface oxide 
compositions via surface analysis. Results show that in general only 
phosphorus can be detrimental. A slight beneficial effect is apparent for Cu 
in both electrolytes. Phosphorus has small adverse effects in certain narrow 
potential regions in the NH4N 03 electrolyte. These occur just above the free 
corrosion potential and above the active-passive trans ltion («n00 m V ) . There 
are no detrimental effects due to the impurities In the carbonate/bicarbonate  
electrolyte. The negligible effects of impurities occurs in spite of impurity 
concentrations at the grain boundaries being significantly enhanced above 
the bulk to »10%, as confirmed by Auger electron spectroscopy. Hence, 
the IGSCC susceptibility Is shown to be dominated by the carbon present in 
the steel. XPS measurements indicate that carbon is present throughout the 
oxide, and importantly up to the electrolyte interface. IGSCC susceptibility 
Is thought to occur principally by a breakdown In the oxide integrity, which 
leads to prolonged chemical attack. This mechanism is attibuted to the action 
of carbon and possibly the impurities, however under certain conditions some 
secondary mechanisms are needed to account for all the effects due to the 
impurities. These include improved passivation by reaction products and a 
remedial influence on the detrimental effect of carbon.
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INTRODUCTION
Residual Impurities are known to be detrimental In a number of Intergranular 
fracture phenomena and are shown to have a critical effect In intergranular stress 
corrosion cracking (IGSCC) for various material/environment combinations. 
Despite this, the Influence of Impurities in IGSCC of carbon steels have only 
been demonstrated recently1. A deleterious influence has been detected for 
all the common tramp elements found in an ordinary mild steel. However, the 
critical electrochemical parameters were not Investigated; and neither were the 
dependencies of IGSCC established for varying impurity concentrations or for 
different environments.
Production of better quality steels is the aim of all steel manufacturers, driven 
by customer demand and competition. Of particular note are the very pure 
Japanese steels. For the less pure European steels the alleged benefits of further 
cleaning of steels must be weighed against an increasing cost of refining, it is 
necessary to know at what concentration impurities become harmful, and whether 
the effect is specific to any one environment. Such knowledge would allow the 
most cost effective improvement of a material which has a tremendously wide 
and heavy usage.
Concentrated solutions of nitrate ions are very aggressive environments with 
respect to IGSCC in mild steels, and these solutions can occur where 
condensation and evaporation cycles of water are possible. Particular problems 
exist in steer works, in high temperature blast furnaces, coke by-products plant 
and in other such large expensive units. Another aggressive environment is a 
mixture of carbonate and bicarbonate ions, which can occur naturally in the 
ground and cause problems with buried pipes. Cracking in both of these 
solutions, nitrates and carbonate/bicarbonates, is sensitive to the electrochemical 
conditions: for example those of concentration, polarisation. . pH, temperature 
etc. For nitrate solutions the polarisation range of IGSCC susceptibility is 
extensive, but for carbonate/bicarbonate solutions IGSCC only occurs in a narrow 
potential range above the active-passive transition. The greatest severity towards 
IGSCC is observed with the NH4+ cation for the majority of anions. Thus for the 
respective nitrate solution we have NH4N 0 3, which is the most frequently studied 
nitrate solution in the literature. For the carbonate/bicarbonate solution the 
ammonium salt is unstable at high temperatures, causing experimental difficulties 
for prolonged tensile tests, and hence the sodium salt is frequently used 
Ammonium nitrate and sodium carbonate/bicarbonate are chosen for this study 
These two solutions are useful in studying this phenomenon for two reasons; they 
are harmful to different degrees and hence illustrate different characteristics, and
Pi
also they both reflect industrially Important environments.
The range of steels generally known as "mild steels", only vary over a small 
composition range, and the precise material composition used In this study 
reflects an average value (0 .15%C.  0.8% M n. 0.05%Si ) .  Of the alloying
elements, carbon is the most effective in determining the material and 
electrochemical properties of this steel. These properties vary considerably and 
are critically dependent on carbon, bulk and local concentration, which are in 
turn dependent on heat treatment. Manganese and silicon concentration values 
are not critical for the values stated above. As an alternative to removing 
Impurities to improve the IGSCC behaviour of this material, alloying with different 
substitutional elements may be considered. For instance, chromium and titanium 
can be tried to upgrade the material performance and corrosion resistance. 
However, even these materials still suffer adversely from residual impurities and 
hence this project looks at the impurity influence in IGSCC to see if any effect 
does occur in mild steels: and if an effect does occur, can it be removed by 
reducing the impurity concentration levels. Of the known tramp impurities in mild 
steel the suspected detrimental ones are P. S. Sn, Cu and Ni, and these are 
chosen for this study. Any impurity effect in IGSCC is expected to be dependent 
on that impurity's own concentration at grain boundaries. The boundary 
concentration of these impurities will vary with specific tempering heat treatments, 
thus providing a controlling mechanism of grain boundary concentration. By using 
different impurity concentrations in identically prepared material, the impurity 
effect can be isolated and studied. The intrinsic properties of the base material 
(no impurities) are primarily determined by carbon, and can be easily 
characterised. Any additional effect due to the addition of impurities can therefore 
be identified by reference to the response of the base alloy.
Summarising, this study endeavours to characterise the effect of different 
concentrations of the impurities P, S, Sn. Cu and Ni on the IGSCC of mild steel, 
in two environments under carefully controlled electrochemical conditions. The 
electrochemical properties are to be initially determined on unstressed material 
by potentiodynamic polarisation measurements. Using this assessment, 
mechanical tensile tests will be conducted under the relevant electrochemical 
regime to evaluate the impurity effect in IGSCC. The segregating propensity and 
grain boundary concentration of each impurity alloy will be evaluated by surface 
spectroscopy. This will allow a direct comparison of grain boundary concentration 
of the impurity with the modified stress corrosion properties. The mechanisms 
by which IGSCC occurs, and the influence of impurities upon these shall be
P2
considered.
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LITERATURE SURVEY
This project attempts to define the Influence of residual impurities in 
IGSCC of carbon manganese steels. IGSCC is dependent both on the material 
properties and also the electrochemistry of the environment. These two areas 
and the influence of impurities will be dealt with in turn. The survey initially 
considers the various appropriate mechanisms of cracking and the interaction 
of impurities in exerting a rate determining influence. The behaviour of Fe 
and Fe-C  will be reviewed in the two environments of ammonium nitrate and 
sodium carbonate/bicarbonate with particular attention to the critical influence 
of carbon. Having established the behaviour of mild steels and the way they 
crack, the influence of segregated impurities on IGSCC will be reviewed. 
Initially the survey will not confine itself to mild steels, but look at results 
in other materials to show the general nature of the detrimental effect of 
impurities, and the specific mechanisms involved by which the deleterious 
effect is observed. The more limited data for mild steels will then be 
assessed. The detection and propensity of impurities to segregate to the 
grain boundaries will be considered. Finally, an overview highlighting the 
important features will be given together with the future work.
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1.1 INTERGRANULAR STRESS CORROSION CRACKING IN CARBON STEELS
1 . 1 . 1  Mechanisms of Stress Corrosion Cracking
The possible mechanisms of stress corrosion cracking (SCC) are 
reviewed by Parkins2, with the phenomenon dividing broadly into three 
mechanisms. The first is “active path dissolution"; where there is some 
inherent susceptibility to attack, but after a short period the corrosion attack 
becomes stifled. The role of stress is then to break the protective film formed 
at the crack tip and to open the crack allowing replenishment of fresh 
solution. The obvious case of this type of cracking is intergranular stress 
corrosion, where the crack path is predetermined by the grain boundaries. 
The second method is "film rupture", in which a protected metal film is 
ruptured by the applied stress, and is most easily envisaged by an emergent 
slip plane intersecting the surface oxide, leading to a period of local attack. 
This process of slip emerging at the surface, followed by periods of attack 
and passivation, can continue in an intermittent fashion and is typical of 
transgranular cracking in austenitic stainless steels in chloride solutions. The 
third mechanism is that of “specific absorption at subcritically stressed sites". 
Here absorption occurs of some species at the crack walls, which is followed 
by subsequent migration to a highly stressed region, ie just ahead of the 
crack tip. These migrated species lower the important parameter of surface 
energy and. in this mode of cracking, facilitate fracture below the normal 
failure stress. A common example is hydrogen embrittlement, where acidic 
conditions develop in a crack and allow the discharge of hydrogen. After 
absorption the high diffusivity of hydrogen facilitates in its rapid migration 
to the highly stressed region in front of the crack tip. This is thought to 
be the mechanism of cracking in high strength steels in chlorides.
Since stress corrosion cracking of Fe-C  steels is dependent on anodic 
dissolution along "active paths", ie grain boundaries, the appropriate "slip 
dissolution" model3-5 is therefore considered. The model contains two 
requirements for crack growth. Firstly the crack tip is active, or a temporarily 
formed passive film is regularly broken. Secondly the crack walls corrode 
more slowly than the tip and are essentially passive. If the crack walls 
corrode at a relatively high rate compared to the tip, a notch or pit 
develops, typical of general dissolution. Propagation Is proposed to be 
periodic in nature. From an initial point of a passive tip a rupture event is 
accompanied by a rapid increase in strain rate and intense dissolution at
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the tip, as shown in Figure 1.1.
U)
Time
Figure 1.1 A schematic representation of the changes in creep 
strain-rate and anodic current (I) at the tip of a 
crack undergoing two increments of crack growth.
During the second increment the stress at the tip 
is higher, inducing a higher current to flow, except 
at the beginning where the diffusion limited regime 
is extended4.
Following the initial rupture and the very high strain rates, the strain rate 
decreases during the rest of the cycle removing some of the driving force 
for crack propagation; the new crack walls passivate, as does the tip to 
some extent, and propagation slows. Creep in the vicinity of the crack tip 
induces defects to migrate to the tip and rupture the newly formed passive 
film allowing the cycle to repeat again. The crack penetration during each 
cycle must be sufficient to induce a subsequent film rupture event, equivalent 
in magnitude to the previous for continued propagation. The requirement 
effectively stipulates a minimum amount of material to be removed by 
corrosion, necessary to reshape the crack to act as a stress concentrator, 
and hence induce a sufficient creep rate. Equivalently, the creep rate should 
be sufficient to provide a disruptive influence on the newly formed film, either 
before complete passivation of the tip occurs, or before any special 
composition in the aqueous environment necessary for rapid dissolution at
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the tip. disperses. The two actions of corrosion and generation of new 
material must balance. If either is too low or too high, crack propagation 
may cease.
Cathodic phaseAnodic phase
Figure 1 .2  The galvanic cell mechanism at a grain boundary2.
In interpreting IGSCC in terms of the slip dissolution model, either the 
presence of a second phase or the high energy associated with the boundary 
can be considered as providing a source of susceptible material for rapid 
dissolution6. The grain boundary can be envisaged purely from an 
electrochemical view point as being either anodic or cathodic. and is shown 
schematically in Figure 1.2.  The difference in free corrosion potential 
between the boundary and bulk is invoked to provide a driving force to put 
the more anodic material into solution. Hence, dissolution along the 
boundary proceeds apace. However, a number of factors lead to a protective 
film forming on the crack walls. These include: (i) a build up of metals 
ions and hence a semi-protective salt layer forming, (ii) a reduction in the 
concentration of agressive ions, since they are consumed and can not be 
replaced quickly due to restrictions of crack geometry, and (iii) the normal 
passivation processes. The role of stress is then to stop the tip passivating 
and open the crack to allow the fresh supply of corrodent. In SCC tests the 
load-time curve exhibits a saw-tooth response, a "serration phenomenon", 
on the rising load background after the yield point 7~9. This behaviour is 
in accordance with the above model.
The slip dissolution model only gives a qualitative picture of how a stress 
corrosion crack might propagate, and does not elucidate the rate determining 
step. Indeed, in the very concentrated and aggressive nitrate solution studied 
here, the effects of mass transport on both the concentration of reaction 
products and of aggressive ions, in the crack, may well have a limiting effect 
on crack velocity via the dissolution rate at the crack tip. Neither does the
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model Indicate If the mode of cracking varies with crack depth. However the 
model is useful in establishing a framework for understanding the mechanism 
of propagation and in high-lighting some of the basic parameters.
1 . 1 . 2  The Mechanism of IGSCC in Carbon Manganese Steels
It is apparent from a cursory look at the literature that cracking in carbon
manganese steels by nitrate and carbonate/bicarbonate solutions is
intergranular. The occurrence of carbides at grain boundaries makes the 
influence of carbon on the IGSCC properties in mild steels a major area of 
investigation10-21. It is shown that pure iron does not suffer IGSCC, but very 
small additions of carbon around the ten ppm level are sufficient to induce 
susceptibility. The presence of carbon along the grain boundary may act in 
a number of ways. Principally and most apparent, is that carbides along 
the boundary are cathodic to the surrounding ferrite and cause vigorous 
anodic attack on the grains16. The remaining cathodic grain boundary
material probably falls out when it is no longer supported. This behaviour
is substantiated by noting that, for large cementite particles on grain
boundaries, the ferrite immediately surrounding the carbide is vigorously
attacked. Carbon as well as generating the cathodic phase may also intensify 
the cathodic reaction by a modification of the overvoltage, an effect which 
will be dependent on varying morphology16.
Carbon is also predicted to increase corrosion by its physical presence, 
as..well as the electrochemical mechanism indicated above. The presence
of small carbide particles in oxides is established by X-ray diffraction
work13*14. The creation of defects or sites with a high affinity for adsorption 
of damaging anions is thought to be associated with carbon. These defects 
allow anions to penetrate the overlying film and permit continued dissolution 
from the substrate, thus giving rise to the observed high level of attack along 
the grain boundary.
The above arguments assume the crack tip opens under the conjoint
actions of dissolution and stress; however an alternative model based on
adsorption, commonly known as the “stress sorption" model, has been
considered10*23. The model looks at the adsorption of anions at the crack 
tip from the aqueous solution, and argues that this causes a reduction in 
the metal-metal bond strength at the tip so assisting fracture. This stress
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sorption model was generally dropped in the seventies, with interest mainly 
focussing on the slip dissolution model. However, more recently some 
aspects of the stress sorption model have become popular. Proponents of 
this model have attempted to find an anion that is common to many solutions 
that might be responsible for SCC; a possible anion, the OH ion, is 
suggested24. This approach does not fully account for the behaviour 
observed in nitrate solutions, where the high dissolution rates result in a 
cracking mechanism that is better described by the slip dissolution model. 
Although these two models differ, it is almost certain that in both of these 
the adsorption processes of aggressive ions can be modified by the impurities 
present along the crack path and hence ♦ influence the rate of crack 
propagation25. Therefore, in both models the adsorption of ions can affect 
either the cracking rate; either directly, as in the stress sorption model, 
or via the rate of dissolution, as in the slip dissolution model. The influence 
of impurities on the dissolution rate may simply be in enhancing the reaction 
rate or. alternatively, by disrupting the oxide and weakening its resistance 
to chemical attack. Thus, in conclusion, the cracking mechanism in carbon 
steels is successfully modelled in terms of the slip dissolution model. 
However, in a detailed study such as this as this, other secondary 
mechanisms by which impurities may influence cracking cannot be neglected.
1 . 1 . 3  Environments that induce IGSCC
The number of environments that have been identified as promoting IGSCC 
are increasing with improved prediction and the better control of experiments 
now available. In the past, certain environments may have been disregarded 
or labelled as benign but now, under certain conditions of potential, 
temperature and concentration, IGSCC attack can be observed. For example, 
the well known use of phosphates as protective inhibitors can be shown, 
under certain concentrations of phosphates and ortho-phosphates and under 
certain electrochemical conditions, to induce IGSCC26"28. However, major 
industrial problems still remain with the nitrate and carbonate/bicarbonate 
electrolytes. With these environments, and particularly nitrates, the range 
of conditions under which cracking will occur is extensive. It is therefore 
appropriate that these two solutions should be used in a study on the 
influence of impurities on IGSCC in mild steels.
The chemistry of the N 0 3~ and C 0 3~~/HC03" systems will now be reviewed
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to establish the influence of experimental conditions on the possible reactions 
and their products.
i
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1 .2  IGSCC OF C /M n STEELS IN NH»NG^
On Immersion of mild steel Into NH4N 0 3 solution the corrosion potential Is 
Initially about - 0 . 3  V (all potentials are referred to the standard hydrogen 
electrode (SHE) at 2 5 ° C ) , but subsequently moves anodically to a steady 
value after a few hours. This behaviour Is dependent on concentration and 
pH as shown In Figure 1.3.
7.5 N NH4N0
6.5
to 6.0  
CN
5.0
12.5N NH^NO
>  - 0.2
2 . 5 N N H a N O /  r  , 
3 N C a (N 0 3)2+2NCaCl2
-0 .4
Corrosion tim e, h
Figure 1 .3  Open circuit potentials and pH vs time for 
decarburised iron, without stress, in various 
solutions at 75 °C 1<*.
A Pourbaix diagram for iron in various solutions is shown in Figure 1. 4. 
This shows that iron in nitrates does not form a stable oxide at the potentials
and pH of immersion. The potential rise is probably due to the formation
of a metastable oxide film due to oxidising species reacting with dissolved 
iron at the surface. If the dissolution rate of this film is less than that of
iron, some protection will be given with a concomitant rise in potential. The
potential rise will be a self sustaining process until a stable oxide regime 
is reached. The rise in potential and hence the reaction rate may be
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Influenced by the ratio of sample area to volume of solution. For a limited 
amount of solution, achievement of a stable oxide is easier than with a large 
amount of solution, since a larger fraction or the aggressive ions will be 
consumed. Thus, the rate of increase in pH will be greater with a smaller 
fraction of solution. This may explain the variability of results obtained by 
different experimentalists who use their own particular sample to solution 
ratios.
12.5 N NHA NO
1.5.hFe
o
•in
CM
5N Ca(N03)2 
 ^ /  7.5 N NHaN03
2.5N NH.NO
2.5h
lOho
0.2c0)
o
CL
3N Ca(N03)2+ 2 N CaCl0.3
6 75
pH (at 25°C)
Figure 1 .4  Potential /  pH curves for decarburised iron in 
various solutions at 75 °C  on a diagram for the 
Fe. H20  system. Numerals at the vertical lines 
indicate the time for attaining the Fe£>3 domain
The chemical and electrochemical reactions of mild steels with NF^NC^ 
are complex. Szklarska-Smialowska29 propose that iron dissolves according 
to:
Fe + N 03~ + H20  ------ > Fe2+ + N 02" + 20H" (1 . 1 )
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with a consequent rise in pH. Gancedo et a l30 propose a more complex set 
of reactions, observing that the concentration of N 0 2" increased during the 
first few hours of immersion before decreasing at longer times. The presence 
of NO 2~ is an important factor, as it inhibits corrosion by promoting the 
rapid formation of a resilient oxide29,31”33. Gancedo et al show that the 
cation species is important, with the concentration of N 0 2“ behaving 
differently between NH4N 03 and KNOg. The difference is due to the presence 
of the ammonium ion, the latter acting (a ) as a H * donor, the H + being 
necessary for N 03” reduction. (b ) as a complexing agent, since 
deprotonation of NH4* produces NH3, favouring the oxidation reaction of 
Fe. and (c ) by decomposing N 02" ions according to
N 02” + N H /  - — > N2t  + 2HzO ( 1 . 2 )
N2 was detected in tests in deaerated solutions and is suggested as the 
main cause for the disappearance of N 0 2” ions. The increased concentration 
of N 02~ and OH“ directly inhibits the cathodic reaction and hence favours 
the solid state formation of iron oxide. The formation of N 0 2~ and O H” are 
suggested to occur by34:
N03~ + 2e“ - — > N 02" + O2" ( 1 . 3 )
In the work of Gancedo et al the N 0 2" remained constant in K N 03 since 
there is no mechanism available to remove it. This retards reaction 1 .3  and 
explains the lower corrosion rate in KNQj compared with that in Nh^NC^
where the N 02~ is reduced by reaction 1.2.
The reaction products have been identified as magnetite by both 
Mossbauer spectroscopy30,35 and X-ray diffraction13,1**29. The following
reaction scheme is thus proposed for deaerated NH4N 03 involving NH4 
above 50 °C 30
4Fe + N03“ + 9NH4+ ------ > 4Fe2+ + 10NH3 + 3H20  ( 1 . 4 )
whereas for aerated NH4N03
2Fe + 0 2 +4NH4+ — > 2Fe2+ + 4NH3 + 3H20  ( 1 . 5 )
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The NH3 In ( 1 . 4 )  and ( 1 .5 )  Is able to form a complex Ion which Increases 
the corrosion rate. A small amount of N 0 2“ can be formed by the same 
reactants In ( 1 . 4 )  according to
Fe + N 03" + 2NH4+  -----> Fe2+ + N 02“ + 2NH3 + H20  ( 1 .6 )
and the total reaction thus becomes, for the formation of magnetite In a 
deaerated solution.
Fe + N 03~ + 2NH4+ + HzO ------ > Fe30 4 + 2NH3 (1 . 7)
This reaction shows that Fe can be oxidised to Fe^04 by N 0 3~ ion in the 
absence of 0 2. although some caution must be exercised, since no details 
of deaeration are provided by Gancedo et al. At 30 °C , they note the 
presence of Oz Is required for oxide formation, whereas at 50 and 80 °C  
in deaerated conditions Fe30 4 forms and in aerated conditions /y-FeOOH is 
formed. This shows oxidation generally proceeds independently of oxygen 
concentration, although the oxide type may vary. Furthermore, the 
stoichiometry of the magnetite film is temperature dependent, as shown by 
Mossbauer spectroscopy, with the Fe2+/F e 3+ ratio decreasing with increasing 
temperature. At 80 °C the oxide film is entirely composed of v -F e 20 3.
The cathodic reactions in this system are also complex. 
Szklarska-Smialowska29. and Hoar and Galvele34 suggest the dominant 
reaction in the potential regime of - 0 . 3  V to - 0 . 5  V is:
N 03-  + h2°  + 2e“ ------ > N 02" + 20H “ ( 1 . 8 )
At more cathodic potentials, pH > 7, NH3 evolution occurs by the reduction 
of Nog" or N 02", with the possibility of N 2 evolution at more negative 
potentials. Jones and Hackerman36 show that the electrochemistry of iron 
in the NH4N 03-N H 3~H20  system is dependent on the concentration of each 
of the four main species, ie NH4+. N 0 3", NH3 and H^D with reaction rates 
dramatically falling if the concentration of any species drops. At the free 
corrosion potential the proposed cathodic reaction is given by reaction 1.9.  
It is interesting to note that the dissolution of iron is possible under cathodic 
potentials36 and occurs by the formation of complex ions with NH4+ 1**.
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N03" + NH4+ + 2e~ ------ > N 02" + NH3 + OH' ( 1 . 9 )
For mild steel the reactions will be similar. Thus the above reactions 
characterise the electrochemical behaviour for mild steel. The addition of 
carbon will not significantly change the reaction products, but rather will alter 
the kinetics and stability of the oxide film forming on the metal surface.
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Figure 1 .5  Potentlodynamic anodic polarisation curves for 
slowly cooled pure Fe in 5M NHJMOg at 
25-100 °C 14”.
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1 . 2 .1  Electrochemical Polarisation
1.2.  1. 1 Electrochemistry
The technique of sweeping the polarisation either In a step or sweep 
(potentiodynamlc) mode, while simultaneously recording the current 
response, reveals the areas of activity and passivity. This may be related 
to the Pourbaix diagram. Results for Fe and FeC in NHJM03 in various 
environmental and metallurgical conditions are given by Flis11. These are 
shown for Fe and Fe-0 .11% C  in 5M NH4N 0 3 in Figures 1 .5  and 1.6.  and 
are similar to those of Szklarska-Smialowska29.
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P o te n tia l, V vs SHE
Figure 1 .6  Potentiodynamic anodic polarisation curves for 
slowly cooled Fe-0 . 11%C in 5M NH^slOg at 
25-100 °C 11.
The results for Fe and FeC are clearly different above 50 °C . the FeC 
alloy revealing a large second anodic peak after a small minimum following 
the initial anodic peak of pure Fe. F ils14* and. Green and 
Parkins13, find evidence for carbon incorporation in the oxide film. Flis 
interprets the various effects of carbon, which are dependent on potential.
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as promoting the formation of magnetite In the active region but causing a 
depassivating effect In the passive region. Carbon weakens the film by 
providing sites for attack by the N 0 3“ ion, giving the observed secondary 
peak at moderate and higher temperatures.
An Interesting feature of the polarisation scans in the potential region from 
- 0 . 1  to 0 . 2  volts Is an oscillation In the current density response. This is 
associated with the formation of a loosely adherent black oxide29. The 
occurrence is attributed to periodic changes in pH within the surface layer, 
which, in turn, cause oscillations in the proportion of anodic to cathodic 
areas37. Local cells are formed with small areas of active metal anodes, 
surrounded by larger oxidic cathodic layers, generating intense local attack.
Previously we discussed the corrosion of iron In NHJslOg solutions in 
some detail, and It is shown there the oxide products are Fe^34 and 
Fe20 3. In a more general treatment for the dissolution of pure iron, where 
the oxide products are considered in more detail as a function of potential, 
it is shown that the behaviour is very similar for different systems38-39 The 
current-potential relationship is shown schematically in Figure 1 .7  and is 
determined by three Intermediates: tFeOHlads (ads = adsorbed),
[Fe(O H )2lads and [F e fO H Jg ]^ 40, which inhibit the dissolution reaction.
Maximum II
Maximum I
Passive rangePassive layer 
formation
Prepassive rangeTransition
range
Active
range
Figure 1. 7 Schematic current-denslty potential curve of the 
iron dissolution reaction between the active and
passive state of the metal38.
The initial active dissolution is characterised by the consecutive
Bockris-mechanism41, which includes and starts with the adsorbed species
[FeOH3ads. In the transition range a second intermediate tF e (O H )^ ads is
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formed, which acts as a membrane inhibitor of active dissolution. The 
current therefore decreases, but with increasing potential the [Fe(OH)2 ^ds 
film becomes unstable and [Fe(OH) glads or FeOH* + [Fe OH]ads. are formed 
as shown in equations 1 .14  and 1.15 below. In the passive range, the oxide 
forms from [FeCO Hj^J^'v ia. two parallel steps from the second to the final 
non-porous oxides of Fe20 3 and Fe30 4 in the passive region. All the 
reactions are given below:
Active Range
Fe + H20  F—  [FeOH]ads + H+ + e" (1.10)
[FeOH]ads ------ > FeOH+ + e" (1 .11)
FeOH* + H+ Fe2+aq + H20  ( 1 .12)
Transition Range
[FeOH]ads + H20  c *  tFe(OH2) ]ads + H* + e~ (1 .13)
Preoassive Range
Fes[Fe(OH2)3ads ------ > FeOH+ + [FeOH]ads + e~ (1 .14)
tFe(OHz)]ads tFe(OH)3] oxWepha5e -k H* *  e - Cl. 15)
Passive Laver Formation
2tFe(O H )3] oxide phase — ^  y -F e 20 3 + 3HzO Cl. 16)
tFeCOH)2lads + Fe20 3 v— -  Fe3Q4 + HzO Cl. 17)
These final reactions broadly agree with the final reaction products 
observed in NH4N 03 but, in addition, indicate the likely intermediates. It is 
interesting that the frequently observed oscillation in current at the start of 
the prepassive range, as noted previously, can be attributed to equation 
1.14.  This involves the reduction to a less protective oxide but is reformed 
by equation 1.13.  These two reactions and the previously suggested
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explanation of current oscillation are compatible, since the reactions 1.13  
and 1. 14 may be localised on different sites. The final oxide products agree 
with studies by Gancedo et a l30. who identified these in nitrates. The
polarisation scans of Fe-C  by Flis14" show that the prepassive range
increases with carbon concentration. Carbon may influence reactions 1.14  
and 1.12 to increase the dissolution; but more likely it interferes with the 
formation of the non-porous film, allowing the dissolution reactions to 
continue. With the addition of chromium these two reactions are suppressed 
and the second peak, maximum 2 in Figure 1.7.  disappears with increasing 
chromium concentration42.
Variations in the sweep rate in a potentiodynamic polarisation test
produces different responses with different electrolytes. Parkins*1 shows that 
the current density in the anodic peak at a sweep rate of 16.6  mVs"1 
exceeds that at 1 mVs~1 in N aN 03, as shown in Figure 1.8.  However
Flis14* s h o w s  an opposite effect of sweep rate in NH^slOg. as shown in 
Figure 1.9.  In this figure the results are a compilation from two references 
for decarburised iron.
The discrepancy between these two results may arise as follows. Parkins 
cathodicaliy polarises at 20 jjlA cm -2 to remove the air formed oxide, before 
anodic polarisation in a 4M NaNOg electrolyte; whereas Flis cannot do so 
in his 5M NH4N 03 electrolyte. Flis shows that Fe corrodes when cathodicaliy 
polarised in NH4NQ3 solutions as shown in reactions 1 .8  and 1.9.  In Flis's 
experiments the air oxide film is present at the beginning of the test, and 
hence the response is different, it is possible at the high sweep rates the 
air formed oxide does not have time to change through the various steps 
indicated between 1.10 and 1.17.  and therefore limits the current magnitude 
of each of these reactions. Furthermore, in Figures 1 .5  and 1 .6  the 
presence of the second maximum is seen to be critically dependent on 
carbon, thus the absence of carbon in Flis's material is another variable 
factor. The presence of an air formed oxide and the lack of carbon in the 
film may account for the short fall in the fast sweep rate compared to a slow 
sweep rate in NH4N 03 solutions. In Parkins' experiments the fast sweep rate 
is predicted to be typical of an unfilmed material where the kinetics of film 
formation take a sufficiently long time to allow the large anodic peak. In the 
slow sweep rate case sufficient time is allowed for a protective film to form 
at potentials closer to the corrosion potential, hence reducing the anodic
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Figure 1 .8  Variation In sweep rate In potentiodynamic
polarisation for mild steel In boiling 4M NaNOg2*-.
peak maximum. It is interesting to note the more usual two peaks are not 
observed in the results of Parkins.
A method of predicting potential cracking regimes is proposed by
Parkins2 based on this sweep rate dependence in the potentiodynamic 
polarisation test. The fast sweep rate is representative of the crack tip; 
where yielding of bare metal at a potential of 400 mV will produce a current 
of 1000 mA cm”2, as shown in Figure 8. The crack walls are represented 
by the slow sweep and they will only be passing a current of 10 mA cm ”2. 
This difference is exactly that necessary for SCC. Identification of the 
potential regions where this occurs is shown to correspond with regions of 
susceptibility to IGSCC in other material/environment systems43. However, 
in NH4N 03 solutions this technique may not be successful, since it is not
possible to remove the air formed oxide.
The techniques known as "rapid straining electrode" and "scratch
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Figure 1 .9  Variation In sweep rate In potentiodynamic 
polarisation for decarburised iron in 5M NH*N<% 
at 75 °C 11- 1<?.
electrode" are useful in identifying regions of susceptibility to SCC The 
sample is held at a fixed potential and the current monitored during the 
exposure of bare metal by either mechanism. The general behaviour is shown 
in Figure 1. TO44*45.
A rapid decay leads to passivity and no SCC. With no decay the specimen 
continues to corrode freely. An intermediate response leads to the ideal 
conditions for SCC. The rapid straining technique is least favoured, since 
as well as opening the crack, the oxide film may be disturbed along the 
crack wails and gauge length causing an increased current to flow in 
repairing the film. The flow of electrolyte over the oxide into the crack will 
also induce a current. Therefore the current pulse may be made up of 
several components. The scratch electrode test, which produces a well
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Figure 1,10 Current-tlme curves for C-Mn steels In CC^/HCC^ 
solution at various potentials45
characterised amount of bare metal on an insulated or passive surface, does 
not suffer from these drawbacks, and is therefore more easily Interpreted. 
The peak currents obtained by this method or from the polarisation data allow 
the crack velocity (c . v . ) to be calculated according to Faraday's Law; which 
of course assumes dissolution is the driving force for cracking. Thus.
M
c.v.  = I
nFp
(1. 18)
where iA = anodic current density at the tip. M = atomic weight, n = charge 
transfer, F = Faraday's number and p = density. This analysis shows good 
agreement in many different material/environment systems by Parkins45, 
supporting the slip dissolution model.
1.2.  1 .2  Polarisation Dependence In iGSCC
Stress corrosion results taken as a function of potential are given in 
Figure 1.11.  From the free corrosion potential the time to failure CT} falls, 
with the fracture mode intergranular in this region. Above « -0 . 1 V the failure 
time is still low, but the fracture is rather by general corrosion. At high 
potentials, above 0 .4  V, the fracture returns to an intergranular mode, with
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the Tf reaching a minimum. The wire specimens of only ** 0 .5  mm in 
diameter, used by Flis 1 6  and Szklarska-Smialowska29. are criticised by 
Parkins46, since general corrosion may induce a greater effect than occurs 
with his larger « 2 . 7 mm specimens. With Parkins specimens it is easier 
to distinguish between a fracture occurring at high potentials, ie 500 mV. 
with little general corrosion, than at » 2 0 0  mV where there is significantly 
more general corrosion; since general corrosion consumes a smaller fraction 
of the specimen at 200 mV with the larger specimens than for the thinner 
ones. However, the results of Parkins shown in Figure 1.12,  show a similar 
behaviour to those of Szklarska-Smialowska and Flis. The two curves are 
most divergent at 0 mV, where Parkins does not note failure due specifically 
to general corrosion.
700 m in
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A In tercrysta lline  
o General400
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100
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Figure 1.11 Effect of the electrode potential on time to failure 
In C /M n steel in 5M NH4 N 0 3  at 75 °C 29.
From Figures 1.11 and 1.12 IGSCC can be seen to occur over a wide
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potential range. From Figure 1 .3  the free corrosion potential achieves a 
value under freely corroding conditions of only » -100  mV. This would 
indicate this is the natural potential range for IGSCC to occur. However, 
just above the active-passive transition is the more usual region to observe 
IGSCC. Since IGSCC Is observed to occur in both regions there Is some 
uncertainty as to the practically relevant potential regime. Hence both should 
be investigated.
•  In te rg ran u la r corrosion
o General corrosion
1000
100
H—
-4
Potential mV x 100 (NHE)
Figure 1.12 Fracture time of mild steel specimens at various 
potentials in boiling 4M NH4 N 0331.
1 . 2 . 2  Influence of Carbon
As mentioned previously carbon has an impeding and depassivating effect 
on the passive film depending on potential. For a range of Fe-C  alloys at 
75 °C the effect of carbon concentration is shown in polarisation plots in 
Figure 1.13.  and the SCC data in Figures 1 .14  and 1.15.  The importance 
of carbon, in spite of the low bulk level, is due to the increased 
concentration at grain boundaries where it Is present either as a segregated
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layer, or as discrete carbides, or both.
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Figure 1 .13  Potentiodynamic polarisation of various Fe-C  alloys
• ' ' ' 1
in 5M NH4 N0 3  at 75 °C 11.
Pure decarburised Iron is immune to SCC, and may only fail by general 
corrosion under specific conditions. However, small additions of carbon at 
the 1 0 - 1 0 0  ppm level are sufficient to cause significant susceptibility, as 
shown in Figures 1.14 and 1. 15.
The mechanism by which this occurs Is proposed to be the creation of
12.
efficient electrochemical cells . Carbon or Fe3C act as efficient sites for 
cathodic discharge, not only by virtue of the different composition but as 
a result of a reduced overvoltage for the cathodic reduction of 0 2  or H V  
Evidence of this is shown in TEM samples^'2'*. where following 
immersion of thin foils in NH4 N 0 3. a thin tongue of grain boundary carbide 
is left with the surrounding ferrite consumed. The remaining grain boundary 
eventually disappears by dropping out. Auger line scans 4 7  over grain
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Figure 1.14 Time to failure of Iron with varying carbon contents 
in different concentrations of solutions; for an 
initial pH = 5 and under stress a  = 0 . 9 a O 2  at 
75 °C 16.
boundary carbides corroborate the above description. The oxygen Auger 
electron signal is seen to reduce significantly as the iron and carbon peaks 
maximise, indicating a very thin oxide. For larger carbide precipitates a 
corresponding increase in attack occurs, and this leads to both an increase 
in pH and the growth of a thick magnetite film. This latter feature does not 
contribute to the propagation of the crack, since the attack is localised by 
the discontinuous nature of the precipitate, and may impede crack growth 
by blocking the crack with corrosion products.
Carbon concentration is therefore critical to crack propagation. Without 
it the material is immune. Small to intermediate levels along the crack path 
cause rapid propagation. High concentrations and large precipitates impede
crack growth by blocking the crack with corrosion products. The results of
Uhlig1 0  also suggest that carbon is a determining factor by another 
mechanism as mentioned in section 1 . 1 . 2  in the stress sorption model, in
this model the number of defect sites, and not the enhancement of
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Figure 1.15 Effect of carbon content on cracking In slow strain 
rate tests In various environments1 8
corrosion, is found to be the important parameter. Uhlig suggests that the
relative immunity of carbon steel at high carbon concentrations (>  0 . 2 % ).
may occur because carbon is being lost from the grain boundaries to form
cementite lamellae which grow in the grain interior . This contradicts
Flis14", who predicts that high carbon concentrations results in excessive 
corrosion products, blocking the crack path, and which may even cause 
crack blunting. Although lamellae growth may denude the grain boundaries 
of some of its carbon, the aggressive form of intergranular corrosion in this 
system may allow carbon within the grain to be incorporated in the oxide. 
Thus bulk carbon concentration could still influence the carbon content within 
the oxide, and hence the level of corrosion in a crack by way of the number 
of defects introduced.
Within this spectrum of influence the heat treatment of the material and 
hence the grain boundary concentration of carbon are obviously important 
in determining a particular alloy's susceptibility to IGSCC for a given carbon
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concentration. The heat treatment determines the particular morphology and 
hence the strength and hardness; as well as the carbon concentration at 
the various internal boundaries. This usually means a crack propagates along 
prior-austenite boundaries. However particular combinations of heat 
treatments and carbon concentrations can result in branched cracking along 
lath boundaries1^ . This is the case in quenched martensitic low carbon 
steels, which have a consequent reduction in crack propagation. Similarly, 
for high carbon steels slight tempering to produce carbide precipitates on 
lath boundaries reduces the crack propagation by branching. Recrystallisation 
of ferrite, by tempering above 500 °C . increases the susceptibility for low 
carbon steels by raising the grain boundary carbon concentration to a critical 
level. The requirements for rapid SCC cracking therefore are as follows; in 
high carbon steels the material should be quenched to keep a low carbon 
concentration along the crack, or tempered above 700 °C to produce 
spheroidisation of carbides at ferrite grain boundaries; and in low carbon 
steels tempered to locate sufficient carbon along the crack path. Hence the 
heat treatment may be organised to maintain a constant carbon concentration 
along the crack path with changing bulk content. Examples of both heat 
treatments and bulk carbon concentrations are shown in Figure 1.16.
1 . 2 . 3  Concentration of N 03~
With increasing concentration of N 0 3~ ions, as shown in Figures 1 .3  and
1 .4  (behaviour on immersion, and Pourbaix diagram ), the time to attain 
the passive state is decreased and the oxide becomes the more protective
ferric type. This is indicative of increased reaction rates, resulting in a
smaller overall change in pH. and shows that less material is consumed in 
forming a more protective oxide. In Figure 1.14 the time to failure ( T f  
decreases with increasing electrolyte concentration to a minimum at 7 .5  M. 
and then increases again. As with most oxidising media, when the
concentration is very high, the oxide film Is formed quickly, and Is of a very 
protective type and thus prohibits IGSCC. At low concentrations, the length 
of time necessary to establish a protective oxide indicates that general 
corrosion is more prevalent, and that passivation of the crack walls will not 
occur sufficiently fast for SCC to occur. With the wire specimens used in 
Figure 1.14  the small Tf should be treated with some caution, 
considering the time taken to achieve the oxidised state shown in Figure 1.4.  
This shows that failure may occur by general corrosion. However similar
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Figure 1.16 Threshold stresses In boiling nitrate solution for 
annealed and quenched steels of different carbon 
content1
behaviour regarding the concentration effect is found by Parkins48, indicated 
by the threshold stress observed in boiling nitrate, shown in Table 1.1 
below.
These data do not extend to the high concentrations tested by Flis, and 
the minimum observed by him cannot be verified, by these results. No pH 
control is exercised in either set of results. Both sets of data verify that the 
ammonium ion Is the most aggressive in stress corrosion cracking.
In industrial failures where this environment occurs by periodic evaporation 
and condensation cycles, high concentrations may be achieved; however this 
is unlikely to leave the material with the very protective intact oxide observed 
on immersion in such solutions. The oxide will initially form at low 
concentrations and the metal will consequently take some time to form a 
protective oxide film. The film will therefore contain the usual imperfections
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TABLE 1 .1
Threshold Stress values (MPa) in boiling nitrate solutions 
open circuit conditions
Nitrate Solution Concentration (M)
1 2.5 4 8
92.5 54 23 15.5
177.5 92.5 54 38.5
177.5 146.5 62 38.5
185.5 108 69.5 46.5
201 170 146.5 62
that lead to susceptibility, even if very high concentrations are subsequently 
achieved. In the majority of work in the literature the molar concentration 
used is 5M, and this would seem reasonable in characterising the 
susceptibility of carbon steels in NH4 N 0 3  solutions.
1 . 2 . 4  pH
The influence of pH is difficult to assess from the literature since the 
majority of tests were carried out under open circuit conditions, with both 
potential and pH varying. Results are shown in Figure 1.17 for various initial 
pH values. It is clear that above pH 7 the time to failure rapidly increases. 
Parkins has also observed an increase in failure time around pH 4 and 
attributed this behaviour to a comparatively rapid transition to more noble 
potentials. Hoar and Galvele3 4  propose that this behaviour may be 
understood in terms of the rapid formation of a protective oxide. This is 
substantiated by Figure 1.14 which shows a rising T f with increasingly 
concentrated solutions of NH 4 N 0 3. and by the rapid formation of stable 
oxides indicated in Figures 1 .3  and 1.4.  At pHs below 4 any oxide becomes 
susceptible to dissolution in the acidic conditions.
The standard pH of NH 4 N 0 3  at 25 °C is “  5 . 0 .  and thus lies in a 
plateau region of susceptibility. From this we can see there is little need 
to control the pH since its initial value occurs in a region where the T f is 
insensitive to pH.
NHaN0o 4 3
Ca(N03)2
LiN03
k n o3
NaN03
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Figure 1.17 Influence of Initial pH of boiling 2M C a ( N 0 ^ 2 on 
time to failure of low carbon steel48.
1 . 2 . 5  Oxygen Concentration
Although Gancedo et al3 0  find the corrosion products to be sensitive to 
deaeration, no systematic Investigation appears in the literature for an SCC 
test. Results by Smialowska and Ostrowska4 9  claim oxygen to be of great 
Importance, while those of Herzog and Portevin5 0  find oxygen to be without 
effect. The strong oxidising nature of nitrate solutions will tend to minimise 
the influence of oxygen concentration.
1 . 2 . 6  Temperature
Varying the solution temperature can influence a number of parameters 
such as the kinetics of reaction, mass transport rates, chemical equilibria 
and oxygen concentration. No studies are performed to determine the rate 
limiting reaction, rather an activation energy is quoted for stress corrosion
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cracking by comparing time to faiiure with temperature on an Arrhenius plot. 
A linear relationship is observed by Szklarska-Smialowska2 9  with an activation 
energy of 42 kJ/mole. A similar - result is observed by Winterstein51. 
However, since there is no detailed specification and control of the relevant 
variables, the rate determining steps cannot be separated. It remains clear 
that cracking becomes more severe with increasing temperature. This 
conclusion is supported by the polarisation scan observations of F lis 1^  
These show increasing activity with temperature, as shown in Figure 1 .5 ,  
with the same activation energy over the relevant potential range.
1.2.  7 Solution Flow Rate
The solution flow rate can affect the local environmental conditions by 
supplying reactant to the metal surface, as well as affecting the integrity of 
a forming film. However, no tests are published showing the influence of 
flow rate. Most SCC tests are in enclosed cells with no stirring^ Tests 
performed In hot and boiling conditions will of course be accompanied by 
some thermal convection and agitation. Uhlig,° uses constant strain 
specimens, with the "C" bent specimens immersed in stirred solutions. These 
results agree with other workers. Thus we can conclude there is no influence 
of stirring noted in the literature.
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1 .3  IGSCC OF C /M n STEELS IN CARBONATE/BICARBONATE
On Immersion of mild steel into a N a^303/N a H C 0 3 solution the corrosion 
potential is initially about -650  mV. although it is dependent on aeration and 
the ratio of C 0 3 "~/HC03". The potential remains either In the active or 
passive state depending on the initial oxide on the metal surface. If the 
surface is oxide free the system remains active and pitting may develop, but 
for an air formed oxide present on immersion the metal maintains its 
passivity. Under deaerated conditions the film free surface remains active, 
but a passivated film will break down and the metal becomes active. Since 
neither condition satisfies the criteria for IGSCC, we now understand why 
this electrolyte remained undiscovered as a medium for IGSCC until recently. 
The sensitive region for iGSCC is in a narrow region above the active-passive 
transition52. Cracking in this environment, without the aid of a potentiostat, 
may only occur when other species are present in the bulk solution that hold 
the potential in this critical regime.
The reaction of iron in the active region in a carbonate/bicarbonate 
solution can be described by the following set of reactions
Fe + 2H20   > F e (O H )2(s) + 2H+ + 2e
Fe + HC03" ------> FeC0 3 (s) + H+ + 2e"
F e (O H )2(s) + HC03"  -----> FeC03(s) + H20  + OH" (1 . 21 )
Furthermore it has been proposed that FeC 0 3  can undergo the following 
reduction in bicarbonate53.
FeCOg + HC03" ------ > F e (C 0 3) 22" + H+ (1 .22 )
Reactions 1.19 and 1.20 are probably multiple step reactions. The Pourbaix 
diagram for the F e -C /C 0 3  system has been established by Cron et a l54. A 
smaller section of the potential /  pH diagram is shown in Figure 1.18.  There 
the corrosion properties and the stable surface films are indicated, with the 
cracking range determined by fast and slow potentiodynamic polarisation 
scans, as discussed in section 1.2.  1.1.  On immersion of an oxide free
(1 .19 )
( 1. 20)
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Figure 1.18 Potential V pH diagram Indicating the range of 
stable surface species and corrosion properties for 
the relevant regime of carbonate /  bicarbonate 
solutions. Lines (I) and (ii) are the passivation 
potentials determined from slow (i) and fast (ii) 
sweep rates in potentiodynamic polarisation (shown 
in insert)55.
surface, that surface is active and ferrous ions pass into solution. The local 
concentration of Fe2+ at the surface will rapidly exceed the solubility limit 
of FeC 03. and this is then deposited52. The F eC 0 3  film is not effective at 
protecting the surface, and furthermore interferes with the protection of the 
surface by hindering the formation of a passive magnetite film. There is 
evidence53, in bicarbonate solutions, that F eC 0 3  forms a soluble complex 
F e (C 0 3) 22". Therefore, in carbonate/bicarbonate solutions the F eC 0 3  film 
may continually be dissolving by equation 1 . 2 2 , and reforming by equation 
1.20.  Such behaviour leads to pitting and general etching with transgranular 
fissures possibly developing in SCC tests52. This explains why the addition 
of bicarbonates makes these solutions more aggressive.
At more positive potentials in the transpassive region a magnetite film 
probably forms by the following reaction:
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3Fe(O H )2 ------> F©3 ° 4  + 2H20  + 2 H+ + 2e" ( 1 .23)
At even more positive potentials in the passive region iron will be oxidised 
to the ferric state, forming a very protective oxide.
1 . 3 .1  Electrochemical Polarisation
The result of potentiodynamic polarisation in a 0 . 5M 
Na2 C 0 3  + 1M NaHCOg electrolyte is shown in Figure 1.19 4 5  Here the 
curves show the typical anodic peak followed by a passive region. A slow 
sweep rate scan can show a cathodic loop after the anodic peak which, in 
turn, depends on the degree of aeration56, as shown in Figure 1.20.  
Although this markedly affects the polarisation scans, the anodic peak 
reactions remain essentially unchanged with the corrosion products being the 
same for both cases.
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Figure 1.19 Potentiodynamic polarisation curves for G /M n steel 
in 0 .5M Na2 C 0 3  + 1M NaHCOg at 90 °C . indicating 
the region of stress corrosion cracking45.
The influence of potential on SCC tests is very marked for this system,
as shown in Figure 1 .2 1 52. where cracking only extends over a narrow
range, typically 60 mV wide. This potential range of IGSCC susceptibility
Chapter 1.3.  1 p35
 Deaerated solution
 Aerated solution
o
- 10-
-700 -300 100 500 900 1300
Potential/mV (SHE)
Figure 1. 20 Effect of aeration on potentiodynamic polarisation 
of mild steel In 1M NaHCOg at 20 °C . sweep 
rate = 1.25  m V/sec pH = 8 . 2s6.
coincides, on the polarisation scans, where the response from the fast and 
slow sweep rate scans diverge. This technique of using different sweep 
rates, is therefore useful in predicting regions of susceptibility. However, 
the degree of deaeration is critical in determining the response just above 
this potential region and so caution should be exercised in interpreting the 
experimental results. In the work to be presented later this may be the region 
most influenced by the presence of impurities, and hence reproducible levels 
of aeration should be achieved.
1. 3 .2  Influence of Carbon
The action of carbon in IGSCC was discussed in detail in section 1.2.  2. 
and it has been shown that the influence of carbon is similar in both nitrate 
and carbonate/bicarbonate electrolytes57. See. for example. Figure 1.22.  
In section 1 . 2 . 2  the amount of carbon along the crack path (ie  at the grain 
boundary) is found to be the critical parameter, and this, as discussed 
previously, is dependent on bulk concentration and heat treatment.
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Figure 1.21 Effect of temperature and potential on stress 
corrosion of mild steel in constant strain rate test 
in 0 .5M Na2 C 0 3  + 1M NaHCOg52.
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Figure 1.22 Effect of carbon on SCC In 1.7M ( N H ^ £ 0 3  at 
70 °C and -0 .31  V. The behaviour in nitrate Is 
also shown57.
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1 . 3 . 3  Concentration of CO3 /HCO 3
The effect of concentration Is not established in any detail in the 
literature. Sutcliffe et al5 2  reported that IGSCC is possible over a range 
of electrolyte concentrations down to 0 . 25  M and for different ratio's of 
Na2 C 0 3  and NaHCOg. Increasing the concentration of C 0 g /H C 0 3  ions and 
using a more aggressive environment, ie a higher fraction of H C 03“. leads 
to shorter failure times in stress corrosion measurements. In pure carbonate 
solutions no IGSCC is observed52,57. Increasing the concentration of 
C 0 3 /H C 0 3  ions also increases the anodic peak in polarisation 
measurements53,58,59.
No hierarchy is reported for the anion species, but as for nitrates a 
similar ranking is presumed to exist. Thus the NH4* cation would be the 
most severe, because of the compiexing properties discussed in section 1 . 2 . 
However, the ammonium salt is the least stable cation, undergoing a 
significant amount of decomposition when held at high temperatures for 
prolonged periods.
1 . 3 . 4  pH
No results are published that consider the effect of varying the pH in 
stress corrosion or electrochemical studies. Increasing the HC03" 
concentration decreases the pH and reduces the failure time in SCC tests 
in a straightforward manner55. However, no study is performed with a fixed 
carbonate/bicarbonate ratio, and varying the pH.
1 . 3 . 5  Oxygen Concentration
As shown previously in Figure 1.20.  deaeration can be significant in its 
affect on the polarisation scans. Comparison of Figures 1.19 and 1.20
reveals marked differences can occur even for aerated conditions. Thus it
is not clear what is the correct response for the aerated condition. The
corrosion products have been identified by X-ray diffraction for both
deaerated and aerated conditions, and found to be the sam e58. Thus, it 
is not certain what the effect of aeration is, and this should be investigated 
in the work here. It is noted here here that all the SCC tests published are 
performed under aerated conditions.
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1 . 3 . 6  Temperature
As for section 1 . 2 . 6  no detailed analysis is available in the literature, 
but an activation energy for stress corrosion cracking of 45 kJ/mole is 
quoted by comparing crack velocity with temperature55. This is similar to the 
value quoted by Szklarska-Smialowska for the nitrate environment, and 
indicates that the rate controlling processes are similar in the two cases.
1 . 3 . 7  Solution Flow Rate
A similar analysis to that in section 1 . 2 . 7  applies to these results with
SCC tests performed in enclosed cells without any solution flow. Polarisation
data show that the sample rotation speed affects the anodic peak53; with the
Iddissolution reaction partially under diffusion control. Uhllg's test method 
of stirring with constant strain specimens, gives no indication that this is 
a variable factor. During crack propagation the environment is probably 
insensitive to the bulk solution flow conditions as long as the crack orifice 
remains open for the replenishment of fresh solution.
1 . 3 . 8  Strain Rate
The influence of strain rate is shown in Figure 1.23 and shows that SCC 
crack velocity is independent of the applied strain rate, above a critical 
value, which is dependent on potential5 5  At very low strain rates, oxidation 
is sufficiently quick to render any bare surface passive before the crack 
propagates. At very high strain rates the specimen fails by ductile yielding, 
or transgranular corrosion, the corrosion action not being allowed sufficient 
time to develop along pre-existing sensitive paths.
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Figure 1.23 Effect of beam deflection rate In a constant strain 
rate test at different potentials on crack velocity 
for pipeline steel In 0 . 5M Ne^CO^ + 1M NaHCC£ 
at 75 °C 55.
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1 .4  THE INFLUENCE OF COMPOSITION
The effect of varying composition on the IGSCC of this material, and other 
similar ones, are considered in this section. Of the main alloying elements 
in the mild steel of this study carbon most significantly alters the properties 
of iron. The effects of carbon are discussed in section 1 . 2 . 2 .  The addition 
of manganese and silicon, the other alloy additions to be used here, have 
only a marginally beneficial influence in the relevant composition range, and 
are discussed below. The presence of residual impurities will then be 
reviewed, firstly in low alloy steels and other materials, where their effect 
is decisive and well documented, and secondly, the few studies on mild 
steels will then be reviewed. The mechanisms of how impurities enhance 
IGSCC will also be considered.
1 . 4 . 1  The Influence of Mn. Si and N
The addition of Mn is shown to be marginally remedial around the 1%
level15. Silicon can be detrimental at concentrations above 0. 15%57, but for
a concentration of 0.05% used in the alloy for this study, no adverse effect
should be detected. This agrees with the results of Parkins et al2,;. The
1 0embrittling effect of nitrogen is well known , and as an interstitial atom acts 
in a similar way to carbon. However, its potency is far less than carbon, 
and has no observable effect in the presence of carbon. Only in 
decarburised and then nitrided iron, does any detrimental influence of 
N2  become apparent25.
1 . 4 . 2  Influence of Residual Elements in Materials
As mentioned in the introduction, the study of residual impurities residing 
at the grain boundary and exacerbating intergranular corrosion only became 
widespread with the advent of surface spectroscopies, in particular. Auger 
electron spectroscopy (AES).  A catastrophic disaster at the Hinkley Point 
power station in 1969 gave added relevance and provided a significant 
stimulus to the study of the impurity influence in IGSCC. A detailed analysis 
of the failure shows that turbine discs suffer cracking under intergranular 
stress corrosion conditions, and that this occurrs in an environment of steam 
condensate that becomes trapped around the stress concentrating
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keyway60*61. The failed turbine discs are shown to be In a temper embrittled 
state by Auger analysis, revealing a very high fraction (45%) of a monolayer 
of phosphorus at grain boundaries62, This service failure, and a study of 
intergranular corrosion in austenitic stainless steels63, are among the first 
to show unequivocally that impurities segregated at grain boundaries are 
decisive in IGSGC. From the early 1970s research on the impurity effect 
expanded rapidly, with particular interest devoted to the effect in low alloy 
steels.
Temper embrittleness in low alloy steels is shown to be directly a 
consequence of grain boundary segregation of substitutional 
impurities64' 65. Impact fracture at liquid nitrogen temperatures within a Auger 
electron spectrometer vacuum system allows direct quantitative analysis of 
grain boundaries with a segregated layer of embrittling impurities. This 
impurity enrichment in several studies is successfully equated with increased 
susceptibility to IGSCC66"71. The suspected environment in many industrial 
failures of rotor steels is hydroxides, and laboratory tests successfully 
produce indentical failures In this concentrated environment at naturally 
occurring potentials. In a series of studies by Bandyopadhyay and Briant on 
a rotor steel FeNiCrMoV. and simpler components of this alloy, the adverse 
effect of phosphorus was investigated72"75. The work of Bandyopadhyay and 
Briant will briefly be considered here, but similar results by others support 
this more detailed work76"73.
Phosphorus is shown to be decisive in inducing susceptibility in an 
immune pure Fe-3N I alloy, as similarly observed in a FeNiCr alloy. Crack 
propagation along the grain boundaries is attributed to defects induced in 
the usually passive Fe 2 0 3  film by the presence of phosphorus at the grain 
boundaries. Similarly, crack initiation at the surface only occurs where the 
grain boundaries intersect this region. This defect action also results, as 
noted in the potentiodynamic polarisation test, in the active region being 
extended into the usually passive regime. Hence for FeNi and FeNiCr alloys 
phosphorus influences intergranular stress corrosion by inducing and 
sustaining dissolution on an otherwise immune material. However, for 
FeNiCrMoV the cracking mechanism appertaining to phosphorus is speculated 
to involve another action. The pure alloy this time did suffer from IGSCC. 
but the addition of phosphorus still significantly increases susceptibility. SEM 
micrographs reveal that phosphorus doping results in a cleaner fracture face
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than that observed for the pure base alloy, which suffers some general
corrosion. Phosphorus In this particular case Is concluded to act by 
Improving passivation of the crack walls and preventing crack blunting, the 
phosphorus probably being effective in its oxidised form as a phosphate. 
Inducing the IGSCC susceptibility is not necessarily due to phosphorus, the 
important action here of phosphorus is rather to maintain an optimum sharp 
crack for propagation. It is the flexibility of phosphorus to act either in
enhancing dissolution, or aiding passivation, that makes it so effective at
increasing susceptibility in so many systems. Molybdenum is also shown to
be detrimental in the same study. If Mo is the only other impurity where 
cracks do appear to Initiate but they do not propagate further than a grain 
or so. Molybdenum's main action appears to be via molybdates in passivating 
the crack walls. Sulphur and tin are both detected by AES as embrittling 
grain boundary segregants; but sulphur does not enhance susceptibility in 
IGSCC. and tin only marginally increases susceptibility. The results of 
Bandyopadhyay and Briant are shown in Figure 1.24.
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Figure 1.24 Variation in failure in a constant load test for a
NICrMoV steel with different impurities in a 
tempered embrittled condition in 9M NaOH at 98 °C  
and -360  mV73.
The susceptibility of the pure FeNICrMoV alloy in Bandyophadhyay and 
Briant's study Is a consequence of carbon, which is absent in the previous 
FeNi and FeNICr alloys. By varying the heat treatment and consequently the 
carbide structure, without altering the phosphorus grain boundary 
concentration, the carbide Influence is evaluated75. A quenched martensitic
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structure with a low carbon grain boundary content is found to be the least 
susceptible. Tempering at 600 °C  for 20 hours produces small spheroid 
M2 C3  carbides rich in chromium, and maximising susceptibility. Tempering 
for 2 0 0  hours increases these carbide precipitates to the extent they cause 
too much corrosion and blunt the crack, or simply reduce crack propagation 
while their obstructing presence is dissolved out. Carbon is observed to 
behave similarly in mild steels, as discussed in section 1 . 2 . 2 13*19. For low 
alloy steels the reactions of phosphorus dominate those of carbon in both 
the tempered and the segregated condition, since the carbon is largely 
locked up as carbides and consequently cannot participate in the grain 
boundary chemistry. Mild steel, alternatively, has no strong carbide forming 
elements, leaving carbon free to segregate to the grain boundary.
It is mentioned above that sulphur does not affect the properties of rotor 
steels in hydroxide environments. However, for Ni and N i-25Fe alloys. Oudar 
and Marcus8 0 ” 8 2  show that sulphur is decisive in controlling the corrosion 
properties. For alloys with a sulphur content above 0. 08 wt%. a monolayer 
of sulphur forms on the surface by selective dissolution in 0 .05M  
across a wide potential range (300 to 1300 mV).  This prevents formation 
of a passive film and allows the dissolution of metal to occur at a high rate 
through the surface film. The monolayer of sulphur is speculated to inhibit 
passivation by blocking the adsorption sites for oxygenated species. The 
prolonged corrosion is found to depend on the maintenance of a monolayer 
or more of sulphur. By varying the initial sulphur coverage during 
manufacture, by adsorption of sulphur from the gas phase and reducing it 
to less than a monolayer, passivation is shown to occur progressively 
sooner. In a similar Ni material comparing additions of phosphorus and 
sulphur, equivalent results are obtained for sulphur by Jones et a l 7 8  Here 
the sulphur concentration is significantly lower, but is sufficient to cause 
dissolution along the grain boundary, again a segregation treatment is used 
to Increase the local concentration. The material is not consumed in the 
same way as in Oudar's work, since the sulphur does not establish a 
monolayer coverage and is eventually lost; but the corrosion within the grain 
boundary leaves a blunt fissure unsuitable for further crack propagation. 
Jones et al show that phosphorus acts in a detrimental way in initiating grain 
boundary attack under stress that leads to a marked loss of ductility of pure 
Ni. comparable to that observed in the Fe-3N i alloy of Bahdyophadhyay and 
Briant74, discussed above. In summary, both phosphorus and sulphur initiate
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intergranular cracking; but with sulphur a biunt crack evolves that is 
ineffective at stress concentrating, and propagation ceases. However, with 
phosphorus this is not the case and failure occurs by IGSCC. as shown in 
Figure 1.25.  It is also shown that a sulphur layer can occur by selective 
adsorption of sulphur from a solution of a soluble sulphide80. This action 
is invoked in the susceptibility of intergranular cracking in sensitised stainless 
steels in thiosulphate solutions. The metastable thiosulphate anions ( S p 3~l  
can readily be converted to elemental sulphur, which is suspected to play 
an important part in cracking83. The high solubility of ferrous thiosulphate 
prevents premature precipitation and hence passivation at the tip, and allows 
dissolution to continue there. Therefore elemental sulphur can be of great 
significance in intergranular stress corrosion cracking. However, if a 
monolayer or less of sulphur has a long life, dissolution will probably lead 
to pitting, rather than a sharp crack. Its influence therefore may not be as 
severe as indicated from the general corrosion properties indicated by Oudar 
and Marcus, but if a balance with passivation is successfully attained, as 
in the thiosulphate example above, it may be extremely detrimental.
Measurements in temper embrittled steels show that other elements are 
responsible for embrittlement, however there Is little evidence to show that 
these grain boundary segregants critically influence intergranular corrosion 
properties. For example, tin is shown to segregate In a number of alloys, 
however Bandyopadhyay and Briant7 3  show it has little effect on the corrosion 
related properties. This is shown in Figure 1. 24. Molybdenum and arsenic 
are exceptions to this. As mentioned above molybdenum is detrimental in 
rotor steels. Molybdates are suspected of enhancing crack wall passivity and 
hence crack shape and propagation. Arsenic is also very detrimental under 
conditions of cathodic cracking as a hydrogen-recombination poison, and 
can significantly enhance cracking due to hydrogen embrittlement.
1 . 4 . 3  Influence of Residual Elements on C /M n Steels
Before considering the influence of tramp elements we shall just consider 
the effects of low level additives. A comprehensive study by Parkins et al 
of the effect of the alloying additions Al. Cr. Cu. Ni. Mo. Si and Ti over 
the few percent composition range was made in hydroxide, nitrate and 
carbonate solutions. These results show that Ti, Cr and Ni are consistently 
beneficial, and their influence is attributed to modified electrochemical
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properties, although their carbide forming tendencies may be significant. 
Copper Is without effect. Al Is marginally detrimental in hydroxide and 
carbonates, and Mo appeared to be very detrimental in hydroxides. The 
influence of Si is discussed in section 1 .4 . 1 .
Investigations into the influence of impurities in IGSCC of iron and mild 
steel are only reported recently by a few workers 1»47»84. Some earlier work 
by Fils and Scully2 2  on the Iron/nitrate system shows corrosion along prior 
austenite boundaries, and this is attributed to phosphorus and sulphur. 
However, this steel had very low impurity contents of «10 ppm. and no direct 
analysis of the boundary is reported. In ail the recent work the grain 
boundary composition is measured using Auger electron spectroscopy (AES),  
and controlled via specific heat treatments. The grain boundary composition 
can then be directly correlated with induced IGSCC susceptibility.
In a detailed study by Kupper et a l8 4  of a range Fe-P  alloys of up to
2 .5  wt % phosphorus, the propensity to intergranular corrosion in 55% 
C a (N 0 3 ) 2  at 60 °C is established. The materials are variously heat treated 
to alter the phosphorus segregation at the grain boundary. Potential 
polarisation scans reveal that the free corrosion potential is displaced to 
increasingly active values and that passivation occurs at more noble 
potentials with increasing phosphorus concentration. The current in the 
passive region also increases with phosphorus concentration. The maximum 
phosphorus concentration tested, 2 .5  wt %. shows no passive region, and 
for Fe-1P passivity is only observed in a narrow region at 1000 mV. This 
demonstrates why grain boundaries are so active, since it is possible for 
the phosphorus concentration to reach 1 0 0 % of a monolayer coverage, yet 
at only 2 .5% phosphorus, activity is observed at any potential according to 
the polarisation data discussed above.
Kupper et al also consider the corrosion current dependence on grain 
boundary concentration and bulk concentration, both of these dependencies 
are shown in Figure 1.26.  In immersion tests the current response is 
dependent on both the bulk and grain boundary phosphorus content. 
Following immersion at 1000 mV passivation occurs. The time taken and the 
minimum current achieved during the initial formation of the passive film rises 
with the increasing phosphorus concentration. Following this, passive film 
breakdown occurs and the current subsequently increases with the observed 
onset of intergranular corrosion, again, occurring at faster rate with
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Figure 1.26 (a)  Average Intergranular corrosion current density
as a function of bulk phosphorus concentration.
(b) Average Intergranular corrosion current density 
as a function of grain boundary phosphorus 
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noted in the diagram84.
Increasing phosphorus concentration. Again/ we see that phosphorus Induces 
susceptibility to attack on a previously protective oxide. Increasing the 
corrosion rate. A similar mechanism is observed for the low alloy steels, 
as discussed above.
The behaviour characterised by Kupper et al is substantiated by Lea and 
Hondros1. who performed constant strain rate and constant load tests on 
an extensive number of mild steels with different impurities. Lea and Hondros 
test a 0. 15%C, 0 . 05%Mn mild steel in 5M NH^NOg at 80 °C , with a
segregation heat treatment of 600 °C for 100 hours. All the impurities are 
detrimental, increasing the susceptibility towards IGSCC compared to the pure
Chapter 1 . 4 . 3
base alloy. Their Influence is summarised in Figure 1 .27 and the following 
expression:
-AR  = 20 P + 1 .9  Cu + 1 .0  Sn + 0 .9  Sb + 0. 4 As (1 .24 )
+ 0 . 3  Zn + 0 . 2  Ni + 700 S + 27 Ca + Al
Pure base
Zn
As
Sb
Sn
Cu
Ca
Commercial purity
Tests in control solutionTests in hostile solution
Tim e to fa ilu r e  (h )
Figure 1. 27 The time to failure in a constant strain rate test 
of mild steel containing different impurities in 5M 
NH4 N 03. The tests in a control environment of 
paraffin are shown on the right1.
Where AR represents the change in the ratio of times to failure (Tp . in 
the aggressive and inert environments and the element symbols represent 
bulk composition by mass. The coefficients account for both the segregating 
propensity and the relative increase in the susceptibility towards IGSCC of 
each impurity. In commercial steels the underlined elements are precipitated 
in inclusions and would not segregate to the grain boundary and contribute 
to the observed susceptibility. Of particular note is sulphur which appears 
very damaging but is rendered innocuous by precipitation as MnS. It is 
interesting to note that the failure time of the base alloy is 85% of that in 
paraffin, the inert environment used for comparison. This high relative time 
to failure for a 0. 15%C steel appears anomalous in the context of the known
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aggressiveness of concentrated nitrates to mild steels. However a ranking 
of the detrimental influences of impurities is established, with phosphorus 
clearly shown to be the most severe. The bulk phosphorus level used in this 
work represents a typical level in commercial mild steels, and Indicates a 
possible curtailment of the useful life by half. The very potent effect of 
sulphur observed in a manganese free specimen is unusual, and disagrees 
with Tauber and Grabke's4 7  work on Fe-C  alloys in nitrates Involving similar 
sulphur contents of 2 0  ppm.
Both Kupper et al and Lea and Hondros show for a fixed bulk 
concentration of phosphorus, that varying the grain boundary composition 
influences the corrosion rates in a directly proportional way. This is shown 
in Figure 1.26b.  In Kupper et al's work the grain boundary corrosion current 
is observed to vary by a lOOx for the complete alloy range, which 
corresponds closely to the range of phosphorus bulk concentrations, and 
not to the grain boundary compositions which only vary by a factor of 1 0 . 
Thus to achieve a high average intergranular corrosion current density it is 
necessary to have both high bulk and high grain boundary phosphorus 
concentrations. Hence, for two alloys with similar grain boundary 
compositions but different bulk concentrations, the two materials would 
behave differently, with the high bulk concentration alloy suffering greater 
attack. The bulk content is therefore instrumental in delaying passivation, 
as observed in polarisation scans where the potential at which the 
active-passive transition appears, is sensitive to comparatively small changes 
in bulk concentration. This possibility is not discussed by the authors. It is 
interesting to speculate on the behaviour of two alloys with a different bulk 
phosphorus concentration (high and low) but with a similar grain boundary 
phosphorus concentration of > 20%. Intergranular corrosion of the boundary 
would proceed apace for both alloys. However, for the low bulk concentration 
alloy, following dissolution of the boundary the bulk may easily be passivated, 
restricting crack penetration by the narrow fissure that develops. The 
alternative high bulk phosphorus concentration alloy, but with a similar 
phosphorus grain boundary concentration, would suffer greater attack since 
a wider crack could develop. Thus, the bulk concentration also plays a 
crucial role in controlling grain boundary corrosion by influencing the shape 
of the crack, and ultimately the depth of penetration. The concept of 
phosphorus having a blocking action in preventing passive film formation is 
supported by the observed incubation period proceeding intergranular attack
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in the Immersion experiments. On the surface where the passive film forms 
across intersecting grain boundaries, phosphorus appears to interfere with 
the integrity of the film allowing subsequent attack. Increasing the bulk 
concentration introduces more defects and reduces this incubation time.
Lea and Hondros propose a model to explain the induced susceptibility 
towards IGSCC by an impurity, based on its difference in equilibrium potential 
with Iron. After normalising the grain boundary Impurity composition to 1%. 
the difference in failure time from the base alloy is found to correspond 
approximately with the difference in equilibrium potential of an impurity with 
iron. This galvanic cell explanation for dissolution is an extension of the 
model discussed in section 1.1 .  and shown schematically in Figure 1.2.  
However, in this situation the local cell will only exist while the monolayer 
of impurity remains at the grain boundary. This would produce a very sharp 
crack. However, it is likely that in any propagating crack would need a 
corresponding increase in dissolution rate of the crack walls, necessary to 
maintain the supply of solution to the crack tip. for such fast crack 
propagation. This galvanic model cannot account for such an increase in 
crack wall dissolution. The relative importance between a purely galvanic 
action and a disruptive or Interfering action on oxidation may be difficult to 
assess. However, the initiation of intergranular corrosion through an oxide 
film indicates a loss of integrity, which is clearly independent of any galvanic 
action. If phosphorus interferes with the growing oxide and a longer period 
of time is necessary for a protective oxide to form, this would satisfy the 
requirement for the enhanced but finite corrosion of the walls. This would 
not preclude any galvanic action, the two mechanisms may both be 
operative, although the interference with film integrity seems the more 
important. Flis14~ detects carbide particles within the oxide film and 
attributes their presence to an increase in the susceptibility towards corrosion 
of the oxide film. This is in common with the observed influence of 
phosphorus by Kupper et al. It is plausible that interference of growing oxides 
by essentially foreign particles may be common. Individual atoms may block 
key adsorption sites, however if their coverage falls below a monolayer an 
oxide begins to form. Since passivity is eventually achieved the oxide must 
fully cover the foreign element. The oxide then thickens sufficiently to 
obscure any further interfering presence of the foreign atom.
In conclusion, phosphorus always appears to be the element that is
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particularly harmful In iron and steels. Its action is probably by a disruptive 
Influence on the integrity of a formed or forming oxide. A similar blocking 
mechanism is proposed by Oudar and Marcus for the observed influence of 
sulphur on the corrosion of Ni in H^S04. There is conflicting evidence as 
to whether sulphur Is detrimental in Fe and FeC, however in mild steels the 
presence of Mn appears to be sufficient to render sulphur harmless by 
precipitating it as a sulphide. The other impurities in Lea and Hondros's 
study, which are mainly metals, are also shown to be detrimental, of which 
Al. Ca. Cu and Sn are shown to be particularly harmful. The mechanism 
of how these metal impurities may affect cracking is not clear, since the 
only proposed mechanism including metallic impurities in the literature is the 
galvanic cell, as considered by Lea and Hondros. However, this model is 
considered here to be insufficient to explain IGSCC behaviour in mild steels. 
Thus, a satisfactory model explaining a metallic impurity influence In IGSCC 
is not available at present.
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1 .5  SEGREGATION OF MINORITY ELEMENTS
The theory of segregation In binary and multi-component alloys is now 
developed to a point where an accurate prediction of the behaviour is formally 
possible. A complete repetition here would be superfluous, only the parts 
necessary for prediction in this system will be considered briefly. Where the 
theory begins to fail for ternary and more complex systems the evidence is 
dealt with in more detail. Segregation in mild steel is then considered. 
Finally, methods of analysis are discussed.
1 . 5 . 1  Theory
Equilibrium segregation is the reversible transport of impurities to and 
from interfaces and is quite a separate phenomena from segregation in 
solidification. Although segregation may occur to any internal interface or 
external surface, the grain boundary represents the site of interest in relation 
to the phenomena of IGSCC. For a number of different systems, the 
segregant is situated within the first monolayer at the grain boundary85. The 
distortion at grain boundaries provides sites for minority elements to occupy, 
and by doing this the whole system achieves a lower energy state. The 
difference between initial and final energy states of the whole system is equal 
to the free energy of segregation.
The segregation of impurities to grain boundaries is now documented to 
occur in numerous systems with the concentration behaviour broadly as 
predicted. Prediction was pioneered by McLean8 6  whose equation is an 
analogue of the Langmuir adsorption isotherm and is shown below
= Xc exp [ - A G / R T ]  (1 .2 5 )
XG~XB
where XB is the fractional monolayer coverage. XQ is the fraction of a grain 
boundary monolayer available for segregation. Xc is the bulk molar fraction. 
AG is the free energy of segregation and R and T have their usual meanings. 
The important parameter in ( 1 . 25 )  is AG which has been shown in practice 
to be reflected in the solid solubility (Xg) taken from the relevant phase 
diagram87. This allows a direct estimate of the grain boundary
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concentration. In the dilute approximation with XQ= 1.
B „—  or J3f. = —
x c  XSN
(1. 26)
where K = exp [ - A G ' /R T ]
£ N is the grain boundary enrichment ratio or segregating propensity of solute 
N. and XSN is the solid solubility of N. In an extensive survey of the 
literature Seah8 8  shows that AG' (where AG' takes into account the effect 
of solubility) is numerically constant within the following limits:
AG' = -1 0  ± 6  kJ/mole
and hence
4. 3 ± 2 . 5  
XSN
(1. 27)
This important equation allows the segregation to be assessed for the 
materials used in this study assuming that equilibrium is achieved using solid 
solubility data from the phase diagram. The kinetic phenomena is also 
treated by McLean86, thus the grain boundary segregation level at constant 
temperature can be shown to rise with time t, to approach asymptotically 
the equilibrium level XB(« )  according to:
XBN( t )  “ XBN(co) 1 -  exp
4Dt
V < v
erfc
4Dt
* n 2 « n
( 1. 2 8 )
Where O is the volume diffusivity, and d N is the grain boundary width 
occupied by the segregant. The above approach using equations 1. 27 and 
1.28 is used by Lea and Hondros1, in which they show an agreement within 
a factor of two with experimental measurements by Auger spectroscopy.
The theory described above Is for a binary system. If a ternary or higher
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system is considered, the expressions become moro complicated with an 
interaction term between segregants. For two co-segregating species in a 
multicomponent system. Guttmann8 9  introduced an interaction term, which 
if attractive, enhanced the segregation of either species above their individual 
propensity. Although successful at describing the observed phenomena, 
particularly in low alloy steels where a strong interaction between Cr and 
either of P. Sn or Sb is seen, the expression is no longer easily used. It 
now requires an iterative process to evaluate the interaction energy and 
segregation energy. However, more recently the interaction between species 
is speculated to act in a different mode. A study by Erhart and Grabk^ 0  
on a series of iron alloys with carbon, chromium and phosphorus, added 
separately and in combination show the addition of chromium to an iron 
phosphorus alloy does not alter the segregation of phosphorus, contrary to 
the expectation from Guttmann' theory. The addition of carbon to an 
iron-phosphorus alloy suppresses phosphorus segregation about five fold. 
The greater propensity of carbon to segregate than phosphorus, results in 
the available sites being competitively occupied by carbon. The addition of 
chromium to an iron-carbon-phosphorus alloy, however, precipitates the 
carbon as carbides and prevents its segregation, allowing the phosphorus 
segregation to return. Thus chromium increases the phosphorus segregation 
by a site competition effect and not through direct coupling. Brian? 1  
observes a similar behaviour in a NiCr steel, again Cr plus Mn and Ni have 
no effect on phosphorus segregation through direct coupling. Briant and 
Ritter9 2  further suggest that alloying metals may influence segregation by 
altering the solubility, and hence the segregation as indicated in equation 
( 1 . 2 7 ) .
Segregation to grain boundaries is also dependent on both the orientation 
and index of the grain boundary93*94. With higher indexed planes there is 
greater disorder and more available sites and this increases the level of 
segregation. High indexed planes can have up to twice the level of 
segregation compared with basal planes95, and it Is on these high energy 
boundaries that the fracture invariably proceeds.
1 . 5 . 2  Segregation in Mild Steels
In mild steels the grain boundaries are covered by a large fraction of 
a monolayer of carbon; a consequence of the high diffusion rates in a -F e
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and th© low solid solubility. As llttl© as 40 ppm carbon will result in 50% 
grain boundary coverage, whereas 180 ppm is required in a Fe-P  alloy for 
similar coverage90. Despite sulphur's very high enrichment ratio, a 
consequence of the very low solid solubility, it does not actually segregate 
here since it is precipitated by the manganese addition. The other elements 
to be studied, tin, copper and nickel are predicted to result in approximately 
2 0 % of a monolayer for the residual levels in typical commercial steels1, 
although no allowance is made for site competition due to carbon as 
discussed above. Many other workers confirm this general level of 
enrichment for the various impurities In a number of materials 90~95.
1 . 5 . 3  Grain Boundary Analysis
The analysis of segregants at grain boundaries is a comparatively recent 
capability, and obviates the requirements of prediction. The first method to 
be used is the zero creep technique, developed to its most sensitive form 
in the sixties, it permitted the grain boundary concentration to be estimated. 
This technique is only suitable for materials held at temperatures near the 
melting point96. With the advent of electron optical methods it fell from use. 
X-ray microanalysis using a STEM is successful97. however it is 
comparatively insensitive («* 1 0 % of a monolayer), and is not suitable for 
light elements. A very specialised instrument, the atom probe field ion 
microscope, can be used to detect individual atoms along the boundary98, 
however, the number of materials suitable for this type of analysis are few. 
The most successful modern method is Auger electron spectroscopy (AES) ,  
suitable for all elements except H and He, with 0. 5% monolayer sensitivity.
For a sample to be analysed by AES it must be presented with the surface 
free of contamination. Analysis of the highly reactive grain boundary surface, 
requires the surface be prepared in uitra high vacuum (UHV) .  < 10" 7 Pa. 
This criterion is amplified by the following observation: if a sample prepared 
in UHV is exposed for a few milliseconds to 0.001 atmospheres of air. the 
ievel of oxidation is sufficient to compietely obliterate any trace of a 
monolayer impurity. For segregants that embrittle, a fracture by impact at 
liquid nitrogen temperatures results in a significant fraction of intergranular 
failure for immediate analysis. Analysis can be comfortably completed within 
a few hours, before contamination by adsorption from the residual vacuum. 
However if the segregant confers ductility, an impact fracture results in
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cleavage at liquid nitrogen temperatures. In these cases further embrittling 
agents may be added to the alloy to cause Intergranular failure, hopefully 
without altering the original segregant distribution. One of the more common 
examples is hydrogen charging. AES is the most universally applied tool for 
monolayer analysis, and is used extensively in temper embrittlement or 
intergranular corrosion studies. The Auger emission process is now 
described and quantification of the spectra is discussed".
1 .5 .3 .  1 Auger Electron Spectroscopy
The Auger electron spectroscopic technique CAES) comprises the 
measurement of secondary electrons produced by a primary electron beam 
of up to approximately 10 keV energy. Within the penetration depth of the 
primary beam, ionised atoms produce secondary electrons which are 
inelastically scattered. From these source atoms, the scattered secondaries 
disperse in all directions, losing energy. Some of these are emitted from 
the surface and contribute to the familiar intense iow energy peak 
characteristic of secondary electron emission. If the energy distribution is 
analysed, a scan from the intense low energy peak to high energies reveals 
a series of smaller peaks. These smaller electron peaks are characteristic 
of their source atom, and are the Auger electron peaks. The Auger process 
is shown schematically in Figure 1.28.
Here an incident primary electron with energy greater than the binding 
energy of the core electron, EK. ejects the core electron, creating a hole 
and leaving the atom in an ionised excited state. Relaxation occurs by an 
electron filling the hole from a higher orbital, shown here is the most 
probable transition from the next higher orbital, the L shell. The energy 
difference in the initial and final state of this second electron is removed 
from the atom by either of two competing processes. At low atomic numbers 
it is predominantly by Auger emission, but at higher atomic numbers the 
probabilities of Auger and X-ray emission are approximately equal. The 
technique of energy dispersive X-ray analysis uses the competing X-rays 
whilst AES uses the Auger electrons. For Auger emission, a third "Auger" 
electron Is emitted to remove the quantum of energy, which can be described 
approximately as the difference in binding energy of the respective core 
levels. For example:
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Figure 1.28 Schematic diagram of the Auger emission process.
-KLiL1U23 = e k  -  k l - -  E' ~ --23 (1. 29)
where Is the binding energy of the L23 state In the presence of a hole
In L1. This description Is unique for each element and therefore allows 
identification for all the elements except H and He. Unfortunately 1 . 29  Is 
Imprecise since it fails to account for the interaction energy between holes 
and the relaxation that occurs in core levels to screen the nucleus from the 
effect of holes. This makes a purely theoretical calculation of their energies 
very interesting but not relevant to the use of AES as an analytical tool here. 
To overcome this, atlases are available of Auger electron spectra, which 
label the principle peaks with their energy, facilitating routine elemental 
Identification".
The surface sensitivity of Auger electron spectroscopy (AES) Is a 
consequence of the small inelastic mean free path (X ) of the Auger 
electrons. Although ionisation typically occurs to the 1 nm penetration depth 
of the primary electron beam, Auger electrons are only detected from a layer 
of thickness X cos 6. X is typically only 1-3  monolayers for the normal 
energies of Auger electrons ( “ TOO -* 2000 e V ) . X is found empirically to
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follow an equation of the form
\ A = 0.41 aA1-5 Ea° - s (nm) <1. 30)
where aA = atom size of A and EA = Auger electron energy from A In volts. 
The Intensity of emitted electrons ( / A) of element A Increases asymptotically 
with the thickness, d. of A according to the relation
Where l ^ °  Is the signal from 100% A to an Infinite depth, and 9 is the 
angle of detection from the surface normal. This shows that 63% of the 
signal comes from within IX . of the surface. This sampling depth can be 
reduced by analysing at grazing emission.
To analyse and interpret the Auger electron spectra correctly they must 
be quantified, if the atomic composition of a segregated layer at the grain 
boundary Is to be evaluated correctly. There are three routes to 
quantification; calculation from basic principles, published data bases, and 
locally produced standards; quite frequently a mixture of these will be used. 
Here we follow the method described by Seah100. A straightforward way in 
assessing the molar composition X X ^  is possible since the signal l A is 
directly proportional to the composition, thus
where /A°° as before is the intensity from pure homogeneous A. Since I™ 
is not generally known, but /^“V/q 0 0  may be, where 8  is another constituent 
of the sample, a more useful form becomes
A more detailed analysis for a particular Auger electron E A takes into 
account the cross section cj(Ea) for ionisation, the back scattering r m( E J
(1. 31)
(1 .3 2 )
X (1 .33 )A
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of electrons towards the surface (these being able to create secondary 
electrons themselves), the escape depth \ ( E /fco s9  of the Auger electrons, 
the analyser transmission efficiency. T ( E J  and the detection efficiency 
D(Ea) .  This can be expressed as
/ = f0oA(E ) { 1+rm(EA.) }T (E a) D ( E a) f ° N A( z ) e x p { - z / \ m(En)cose'\dz  (1. 34)
•'o
where lQ Is the primary electron beam current. Ep Is the energy of that 
beam, and NA<z) Is the A atom distribution with depth z. However this 
equation Is not used since by ratlolng In a similar way to ( 1 . 3 3 ) .  the 
following equation can be derived. For a homogeneous binary system AB
X*  .  *  'a / ' .
v r AB . /• oo
8
(1. 35)
where the matrix factor F ^  Is given by
i\\ "" r A<EA‘• 1+ rB (F A >} l a A (1. 36)
F ab <x a - 1> =
1+rA(EB) | fe
■ f+rfi(Efi) . aA-
1 .5
(1. 37)
The values for the backscatterlng factor r m are calculated by Ichlmura and 
Shimizu1 0 1  and are not strongly dependent on energy.
The above calculations are for a homogeneous alloy. In the case of a 
fractional monolayer coverage ( $A) of a particular overlayer species A. the 
above procedures of quantification are modified as follows. The signal from 
a substrate B will simply be the sum of the unattenuated emission from 
(1~0A) of the surface and an attenuated part from <f>A.
(1. 38)
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where XA( Eg) is the X value in material A for Auger electrons from B of 
energy E0 . If the overlayer of A is complete and extends to a depth d. the 
substrate signal becomes
lB = lBm exp [ 'mdA/ \ A ( Eb) cos 9 ] (1 .3 9 )
We now consider the signal from the overlayer A for both of these cases. 
However we must now include the backscattering terms, since the substrate 
influences the Intensity from A. Hence firstly for fractional coverage we have
IA = A'A
1+rB(EA)
1+rA(EA)
{1 -exp [ - a A/ \ A ( Ea) cos 9 ] } (1 .4 0 )
and for complete coverage to a depth d
1+rB(EA)
. 1+rA(EA)
{1 -exp [ -d A/ \ A ( Ea) cos 9 ] } ( 1 . 41)
The lM°° values can be taken from tabulated relative sensitivity factors, 
however this makes no allowance for surface roughness and any variable 
experimental conditions. Segregation in mild steels only results in fractional 
monolayer coverage at the grain boundary, and for this situation the most 
accurate assessment of 0 A is achieved by ratioing equations 1.38 and 1.40.  
This expression is unwieldy, and is simplified for high energy Auger peaks 
and small values of 0 A to
. .  V ' "
&A ~ AB , , ,  »  
,B/ , B
(1. 42)
where ^AB is a matrix factor similar to equation 1.36.
AB
\ A(EA)cos 9 '
aA J 1*rB(EA) \ (1. 43)
and XA can be calculated from equation 1. 31. and r A from the data of
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Shimizu and Ichimura. When using equation 1.42 for the analysis of grain 
boundary segregants. is multiplied by 2 . since the segregant is shared 
equally between the two freshly created surfaces, on fracturing the original 
boundary102. Therefore equation 1.42 becomes
for the grain boundary impurity level. The accuracy of equation 1.44 is 
limited by the accuracy of X. given in equation 1.30.  which at present is 
not known to better than ± 30%.
Figure 1 .29  Localisation of segregant atoms at the grain 
boundary in many systems, as determined by AES 
with argon ion sputtering1 0 3
Auger analysis combined with ion beam sputtering confirmes that 
segregated impurities are confined to the top monolayer. The sputter profiles 
show a typical exponential decay, as seen in Figure 1.29.  This behaviour 
is just that expected from atoms sited on the outermost layer, based on
<1. 44)
1 0
0 0  5 1 0 1-5 2 0
Distance from grain boundary, nm
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preferential sputtering of specific components, and the statistical nature of 
sputtering104.
A complementary technique to Auger spectroscopy is low energy electron 
diffraction (LEED). With LEED the monolayer coverage can be directly 
analysed as with AES. but additionally a fully quantified measurement is 
possible from fundamental principles. Work is necessarily performed with 
large single crystals90*101, and for Fe-P  and Fe-C  quantification of the P 
and C Auger signals in atom % (a t-% ) at the grain boundary using LEED 
is possible, and gives the following relationships:
0p ~ 100 Hp/ H Fe at-% ( 1 . 45)
0C « 400 Hc / H Fe at-% ( 1 . 46)
where Hx = peak-to-peak height of X, and the reference iron peak is that 
at 650 eV.
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1 .6  DISCUSSION
1 . 6 . 1  The Impurity Effect
There remains little doubt that impurities segregated at the grain 
boundaries play a crucial role in determining the susceptibility of metals to 
IGSCC. Of these phosphorus is universally the most detrimental. Other 
elements, notably sulphur, may determine the propensity to cracking in 
certain systems, but these tend to be far more specific than phosphorus. 
Although in nitrate environments phosphorus is identified as detrimental in 
iron and mild steels, no attempt has been made to determine either the 
change in material performance with varying impurity concentration, or 
whether the effect is environment specific. For ail the other tramp elements 
in mild steels a deleterious effect Is detected at residual concentrations by 
Lea and Hondros1. Their work is the only comprehensive study of the 
influence of impurities at residual levels in mild steels on the IGSCC 
properties. However, they do not control the polarisation, which represents 
a degree of uncertainty and which prevents an unequivocal interpretation of 
their data. Therefore, while a detrimental effect is established for many 
impurities, there do not yet exist data characterising the environment and 
impurity concentration dependence under adequately controlled 
electrochemical conditions.
In much of the work on mild steels in the literature the impurity level is 
not controlled, and discrepancies observed between various workers may be 
attributed to this factor. The work proposed here endeavours to rectify this, 
by characterising the impurity influence under carefully controlled 
electrochemical conditions in different environments and for three different 
impurity concentrations.
1 . 6 . 2  Mechanisms of impurity Enhanced IGSCC
The influence of carbon on the IGSCC of mild steels is very important, 
as discussed in sections 1 . 1 . 2  and 1 . 2 . 2 . where it is shown that the carbon 
concentration and heat treatment are critical in determining the material 
performance. The additional effects of impurities are considered with 
reference to this established behaviour. The mechanisms by which dilute 
elements, including carbon, influence IGSCC are discussed below.
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Any impurity effect shouid be considered in the context of the appropriate 
model for cracking in this system. As discussed in section 1 . 1  there are 
two possible theories. For this system the appropriate model is slip 
dissolution and the alternative stress sorption model will not be considered 
in any detail. These two models differ in the mechanism of crack opening. 
These are either dissolution or bond breaking for the atoms at the crack tip. 
However, both models similarly involve some active species attacking the 
metai, probably via some adsorption process. Since the level of dissolution 
is high in this system, cracking is straightforwardly interpreted in terms of 
the slip dissolution model rather than the stress sorption model. In the slip 
dissolution model there are essentially two parts, dissolution, and film 
rupture. We consider these in turn.
Impurities may influence dissoiution in several ways:
1. Impurities may accelerate dissolution by a local galvanic cell action 
between the impurity at the grain boundary and the matrix. This model, 
originally proposed by Dix6, involves either the occurrence locally of 
two components in the region of the crack tip, or the irregular atomic 
arrangement at the crack tip. Both of these lead to preferential 
dissolution. The species with the most active free corrosion potential 
being put into solution in this local galvanic cell. The presence of large 
particles, such as electrochemically noble carbides seen to increase 
dissolution by providing sites for efficient cathodic reactions, are 
evidence of this. This is verified by analysis of TEM samples immersed 
in NH4 N 0 3  electrolytes. Lea and Hondros use a similar model where 
they extend this analysis to the single partial atom layer at the grain 
boundary. Such extrapolations from the bulk to the atomistic level are 
intuitive but are not necessarily based on any full theoretical analysis. 
Here they equate the differences between the free corrosion potential 
of the impurities and matrix to account for the preferential dissolution 
along the grain boundary, as discussed in section 1 . 4 . 3 .  Lea and 
Hondros's model, using standard free corrosion potentials, shows only 
a loose agreement with the results. Furthermore, they only test their 
model for one bulk and grain boundary concentration. It is not generally 
possible to assume any linear dependence. A simple extrapolation of 
this detrimental effect to varying concentrations may not be viable since 
IGSCC susceptibility does not always depend linearly on impurity
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concentration.
2. Impurities residing at key sites may control dissolution and passivation, 
by modifying local reactions. This process is considered to take place 
at active sites, such as kinks, ledges etc, and in this particular 
situation at the grain boundary. On these sites oxygenated passive 
groups initially adsorb and then subsequently grow to form a protective 
film. An impurity at these critical sites may alter the preferred reaction; 
for example, as mentioned previously, the influence of sulphur on nickel 
®°. Here the impurity blocks the adsorption of passivating species, and 
this permits the continued dissolution of the matrix. The impurity may 
conceivably act in the opposite sense and by increasing the affinity for 
adsorption improve the corrosion resistance.
3. Impurities may influence the integrity of the passivating oxide and their 
incorporation into the film will provide sites susceptible to attack. 
Dissolution can then occur through this now semi-porous film. The film 
thus continues to thicken, reaching a greater thickness than if the 
impurities were absent before passivation eventually occurs.
4. In a similar way to the above, the impurity atoms on the surface may 
change the overvoltage for cathodic polarisation. If the overvoltage is 
decreased a simultaneous increase in the anodic reaction will be 
observed.
5. The reaction products of the impurities may have low solubility oxides 
and hence be easily precipitated on the crack walls In the highly 
saturated solution existing in the crack. These products, eg 
phosphates, may improve the passivity.
6 . Impurities may be responsible for the creation of harmful ions that can 
then take part in the cracking. This is probably more relevant to stress 
sorption cracking in mildly aggressive systems.
We now consider the possible effects on the film rupture event.
7. The plasticity of the oxide will play a crucial role; if an oxide adheres 
tightly to a metallic substrate and does not suffer significant damage 
during a slip event; insufficient bare metal may be produced. It is a 
prerequisite for cracking that enough bare metal be created to allow
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for sufficient corrosion to reshape the crack tip. The impurities may 
influence these properties.
8 . The presence of impurities at the grain boundary may weaken the 
physical strength, in an analogous manner to that observed in temper 
embrittlement. However in mild steels the high carbon content, which 
improves ductility, does not favour this interpretation. The impurity may 
also affect dislocation movement, and consequently the stress 
concentrating action ahead of the crack tip.
It appears that a single explanation for ail the data in the literature is 
not possible, rather the matching of an appropriate mechanism to a 
particular system is required. For intergranular corrosion the incorporation 
of impurities into a previously passive oxide film is shown, unequivocally, 
to be detrimental, the associated defects providing sites susceptible to 
corrosion to attack. This disruptive effect may be extrapolated back to initial 
film formation and the occupation of key adsorption sites. The foreign atom 
impedes the initial formation and build up of a stoichiometric defect free 
oxide. The oxide can be envisaged as having to thicken to a greater extent 
with impurities present. Most effective would be both the substitutional, eg 
sulphur and phosphorus, and interstitial elements eg carbon and nitrogen, 
which distort the oxide lattice. Identification of carbon in a loosely adherent 
magnetite film, which forms abundantly on mild steels in nitrates, is evidence 
of this effect. In predicting the likely increased susceptibility due to impurities 
compared with carbon, the level of attack observed In pure Fe-C  alloys would 
suggest the impurity must be significantly detrimental for any observable 
effect. From the impurities considered here, only phosphorus and sulphur 
are likely to be detrimental. Although the above mechanism is probably the 
most influential in determining susceptibility to IGSCC of mild steels, other 
mechanisms may be of secondary importance and for this reason the other 
significant impurity elements in mild steels are considered in this study.
Two other likely mechanisms via which Impurities influence the IGSCC 
properties in mild steels are considered. These are the influence of reaction 
products, such as phosphates, in assisting in crack wall passivation; and 
the plasticity of the oxide, which may be important in the context of the 
known high number of defects that arise in magnetite films formed on mild 
steels. These defects, which also enhance corrosion as discussed above, 
may effect the adherence and plasticity during the rupture event at the crack
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tip. However in this system the high corrosion rates concomitant with thick 
oxide films Indicates the passive film may be relatively insensitive to rupture. 
An effect due to reaction products, is only likely to be significant for the 
impurity addition of phosphorus. This effect being observed for phosphorus 
in low alloy steels.
1 . 6 . 3  Segregation
The increased concentration of residual elements at grain boundaries is 
a well documented and predictable phenomenon. Prediction, while straight 
forward for binary systems, rapidly becomes complicated for higher systems. 
However, with the advent of modern spectroscopies, namely AES. the need 
for prediction is obviated since direct quantitative analysis of monolayer grain 
boundary segregants is shown to be routine. An alternative technique which 
does not require the grain boundary to be exposed directly, is X-ray analysis 
of thin foils in a STEM. However, with the comparatively broad diameter of 
the analysis probe to the grain boundary width, sensitivity is only 1 0 % of 
a monolayer.
The segregation data available in the literature for Fe-0 . 15 %C materials 
appear to be limited to the two research groups; Erhart and Grabke 9 0  and 
Lea and Hondros1, and they both predict phosphorus segregation levels 
between 10 and 30%. Both authors report a low yield of intergranularity and 
a concomitant problem of achieving a satisfactory level of intergranular 
fracture inside the AES vacuum chamber. For the phosphorus doped alloys 
in this study Auger electron analysis should be possible; although the yield 
of intergranular failure by impact, based on the work of Erhart and Grabke. 
may be below 3%. Analysis of the other impurities may prove more difficult 
and In this case methods of enhancing intergranular failure by impact will 
be needed, for example pre-cracking of specimens may be necessary, as 
used successfully by Lea and Hondros.
1 . 6 . 4  Environment
Hot ammonium nitrate is a popular electrolyte for studying IGSCC in 
carbon steels, since it is very aggressive. The choice of this electrolyte here 
will allow much of the data obtained previously to be used to set up a basic 
framework, and reciprocally the impurity effect established as a result of this
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work can be used to resolve any previous discrepancies where the Impurity 
content varies. The chemistry and electrochemistry are complex and are 
defined by many parameters. In much of the work in the literature even the 
potential and pH are not controlled or monitored. A further uncertainty arises 
with the range of mechnical testing techniques used. These include constant 
strain, constant load and constant strain rate tests. Despite these factors, 
some general qualitative conclusions can be drawn.
IGSCC is shown to occur over a wide range of potentials from -300  to 
+1700 mV for carbon steels in NH 4 N 0 3  electrolytes. Within this wide range 
there would appear to be two regions of particular relevance, just above the 
free corrosion potential at -100  mV. and above the anodic-passive transition 
at 600 mV. Increasing the concentration to about 8 M increases the 
susceptibility to stress corrosion cracking. A typical value appears to be 
around 5M. Susceptibility to IGSCC is markedly decreased above pH 7, 
however in the natural range around pH 5 it Is relatively Insensitive. The 
effect of oxygen concentration is not characterised, but at high temperatures 
in this oxidising environment it is likely to be insensitive. Increasing the 
temperature increases the susceptibility to cracking. Solution flow rates do 
not appear to have been investigated.
The majority of tests are performed on plain unnotched specimens, and 
crack initiation may form part of the overall time to failure. However, if a 
period is allowed after immersion for the surface oxide film to be established, 
intergranular corrosion may form the initial stage of crack development. It 
is pertinent to ask what the solution is at the crack tip. If this solution is 
different to the bulk solution, should this not be used in the tests. The 
specimens that are used are typically a few mm in diameter or less, so crack 
depths are of the order of 1 mm. Since the cracks are wide, a consequence 
of the aggressive nature of the environment, the development of a 
significantly different crack environment to the bulk solution is unlikely. 
However, no measurements in cracks or crevices are reported for nitrates 
to establish whether environmental conditions change significantly. The 
aggressive nature of the environment will result in high concentrations of 
various ions near or at the saturation limit, and hence present considerable 
difficulties to crack modelling. This will be compounded by the high crack 
velocity which will prevent a steady state being achieved. However, since 
crack initiation occurs in the bulk solution, as does the early stage of
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propagation, there is no specific requirement for the solution to alter 
significantly for crack propagation to continue. Thus experiments that are 
carried out in the bulk solution should be reasonably representative of actual 
conditions and suitable for assessing any grain boundary impurity influence.
From the available testing techniques the constant strain rate test now 
appears to be very popular in the literature. It provides a method that is 
relatively quick and permits the normalisation of values obtained in an 
aggressive environment with the mechanical properties established in an inert 
environment under identical conditions. The constant strain rate test and both 
the constant strain and constant load tests, are of a qualitative nature, and 
are not directly applicable as a quantitative measure of failure, useful from 
a design view point. However, for the work here the constant strain rate 
test is the most appropriate.
To test how dependent any specific impurity effect is to a particular 
environment. a second solution is chosen, that of sodium 
carbonate/bicarbonate. IGSCC is not so severe as with the NH ^vJ03  solution, 
and occurs over a narrow potential range; it therefore provides a suitable 
contrast. The environmental dependency is investigated by Parkins et a l24. 
They test the influence of a series of different alloying elements in iron in 
a number of environments and conclude that the same detrimental hierarchy 
is not maintained between environments. For mild steels, nitrate and 
carbonates/bicarbonate solutions represent some of the most aggressive 
mediums regarding susceptibility to IGSCC and therefore are of the greatest 
practical relevance.
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1 .7  OBJECTIVES OF STUDY
The proposed work Is to Investigate the Influence of residual impurities on 
the IGSCC of mild steels in nitrate and carbonate/bicarbonate electrolytes. 
Before commencing the stress corrosion tests it will be necessary to establish 
a number of electrochemical parameters. This Is most effectively achieved 
by recording potentlodynamic polarisation data. Firstly, polarisation work 
should establish the potential regimes of susceptibility. By varying the sweep 
rate in the polarisation test, prediction of the potential region with the highest 
susceptibility to attack should be possible according to 
Parkins' technique46. Furthermore, since the active-passive transition is 
extended positively with the addition of impurities such as phosphorus, 
features in the polarisation scan in the passive region may be attributed 
solely to the grain boundaries. Scratch electrode tests are a useful adjunct 
to the polarisation data in establishing bare metal dissolution and passivation 
rates, an important factor in identifying potential regions of susceptibility.
Other experimental conditions that could be assessed in the polarisation 
experiments are as follows. The oxygen concentration effect can be evaluated 
easily in an appropriately designed cell. The effect of solution flow rate can 
be investigated by using a rotating electrode configuration. The concentration 
is discussed in the previous section, and there it is argued that the use of 
5M NH4 N 0 3  would be appropriate. The choice of electrolyte temperature 
appears not to be critical above 50 °C , particularly around 75 °C . and this 
value will be used here. However, some tests should be carried out at lower 
temperatures where the polarisation data reveal a marked change in the 
anodic peak, as shown in Figure 1 .6 ,  and the chemistry is also observed 
to be slightly different. Regarding the sensitivity of the polarisation data to 
temperature, the latter should be maintained to within ± 1°C to remove any 
variability. The work in the sodium carbonate/bicarbonate electrolyte can then 
be used to assess the impurity dependence on environment.
It is known the influence of carbon is important in determining the 
susceptibility of carbon steels to IGSCC. In this study the carbon level is 
fixed at a typical mild steel value and will not be treated as a variable. The 
heat treatment Is also a critical parameter regarding the influence of carbon, 
however, in studying the influence of impurities a treatment will be selected 
that produces the greatest detrimental effect. In this respect the final heat 
treatment should be approximately 500 °C , and allow around 50 hours for
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an equilibrium concentration to be established at the grain boundaries. An 
alternative heat treatment that minimises segregation should also be tested 
to evaluate the effect of different grain boundary impurity levels with a 
constant bulk composition. Although prediction of the grain boundary 
segregation level is possible using equations 1.27 and 1. 28, it is intended 
that Auger electron spectroscopy be used to measure the actual impurity 
levels. By this means the corrosion properties may be compared directly with 
the grain boundary composition.
The use of potentlodynamic polarisation tests to establish the 
electrochemical behaviour is well known, as discussed above, but the 
decision as to which mechanical failure test to choose is more open. In the 
past the constant strain and constant load tests are the most frequently used, 
and are very simple to implement experimentally. A third technique, the 
constant strain rate test, is becoming more popular and replacing the other 
techniques. The constant strain rate test is comparatively more aggressive, 
producing failure in a relatively short time. Although originally considered 
unrealistic of industrial failures, it is now thought to simulate real situations 
quite closely, and has been useful in predicting susceptibility in a number 
of instances. Its great virtue is as a rapid sorting technique to produce 
comparative data, and which also allows any variation of the mechanical 
characteristics to be easily accounted for. In considering these options, the 
constant strain rate test appears the most suitable technique to establish an 
impurity in this work.
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Chapter 2
PREPARATION AND EVALUATION 
OF MATERIAL
INTRODUCTION
The strategy for the Investigation is that the material should be prepared 
with known levels of residuals and heat treated so as to give the greatest 
opportunity for their segregation to the grain boundary. The grain boundaries 
should be analysed by AES or other appropriate methods to establish the 
level of segregation. In addition the control of the material should be such 
that the competitive segregation of carbon to the grain boundaries can be 
assessed for each alloy.
A mild steel made from pure electrolytic iron and with various added 
impurities was prepared to evaluate susceptibilities to IGSCC. Following 
extrusion from a billet, the microstructure was evaluated and the attainment 
of an equiaxed material is discussed. Segregation to the grain boundaries 
is predicted using the methods discussed in section 1. 5. Auger electron 
spectroscopy (AES) was performed on suitably prepared material. Because 
intergranular failure did not always occur by impact at liquid nitrogen 
temperatures other methods are discussed; hydrogen charging, varying 
temperature of impact, pre-cracking in NH^NOg. Finally depth profiling and 
STEM with X-ray microanalysis of thin foils were used to analyse the grain 
bondaries directly.
2. 1 MATERIALS
2 . 1 . 1  Composition
The base Iron Is electrolytic Iron melt stock Glldden grade A-101. 
purchased from British Steel Sheffield Laboratories. The Impurity trace 
analysis Is given In Table 2 .1  below.
Table 2.1
Electrolytic Iron Melt stock Glidden Grade A-101 
Typical composition (wt %)
A1 As c Cr Co Cu
< 0.001 < 0.0004 0.0025 0.002 0.006 0.005
Mn Hg Mo Ni N
0.003 < 0.0002 0.006 0.020 0.003
O
0.020 
W
0.001
To this pure stock material are added typical commercial levels of carbon, 
manganese and silicon of 0. 15. 0 .8  and 0.05% to make up the pure base 
alloy of mild steel. To this is added a further five different impurities each 
at three different levels to make up a total of sixteen alloys including the 
base. The analysis of these alloys is given in Table 2.2 .  This table is 
summarised, for convenience and giving just the Impurity levels in 
Table 2 .3 .
P Si s Sn Ti
0.001 0.003 0.0025 0.003 0.003
V
0.003
Pb
< 0.001
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TABLE 2.2
ANALYSIS OF THE CASTS WITH ADDITIONS OF TRAMP ELEMENTS
Cast
NO C Si Mn P S cr MO Ni Cu Sn
3611 .16 .05 .82 .004 .003 <.02 <.01 <.02 <.01 <.005
3612 .14 .05 .82 ,009 .004 <.02 <.01 <.02 <.01 <.005
3614 .15 .05 .80 .024 .003 < .02 <.01 < .02 <.01 <.005
3616 .14 .05 .80 ,042 .003 <.02 <.01 <.02 <.01 < .005
3617 .16 .05 .76 .004 .iPXQ <.02 <.01 < .02 <.01 <.005
3619 .16 .05 .79 .004 ,023. <.02 <.01 <.02 <.01 <.005
3619 .15 .05 .82 .004 ,036
CMOV <.01 <.02 < .01 <.005
3620 .14 .05 .81 .004 .005 < .02 <.01 <.02 <.01 .053
3621 .15 .04 .83 . 004 .004 < .02 < . 01 <.02 < .01 .095
3622 .15 .05 .78 .004 .003 <.02 <.01 <.02 <.01 ,210
3623 .16 .04 .77 .004 .003 < .02 <.01 < . 02 .07 <.005
3624 .16 .04 .77 .004 .003 <.02 <.01 <.02 .14 <.005
3625 .15 .04 .78 .004 .003 <.02 < .01 <.02 < .005
3626 .16 .04 .77 .004 .003 <.02 <.01 .08 <.01 <. 005
3627 .15 .04 .77 .004 .003 < .02 < .01 .j-15 < .01 < . 005
3628 .16 .04 .77 .004 .003 <.02 <.01 u21 <.01 <.005
Table 2.3 
IMPURITY LEVELS
P S Sn CU Ni
B .004 .003 < .005 <.01 < .02
L .009 .010 .053 .07
00o
M .024 .023 .095 .14 .15
H .042 .036 .210 .23 .23
The three impurity levels are labelled L, M and H (low, middle and high) 
for each impurity. The M level is representative of residual impurity tramp 
levels in commercial material. Each alloy is subsequently identified by the 
added impurity's elemental symbol, using its concentration as a prefix eg 
cast 3619, will be referred to as HS.
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The material is produced as 8  kgm ingots, approximately 75 mm in 
diameter and 2 0 0  mm long, in a vacuum furnace.
2 . 1 .  2 Heat Treatment and Microstructure
The requirement to machine samples economically is satisfactorily 
achieved by extrusion down to 17 mm bar from the ingots. The material is 
extruded at 1050 °C  and results in 7 metre lengths. To check that the bars 
are homogenous and the previous analysis is correct, three pieces are taken 
from the front, middle and end of the high nickel (HNi) bar. These are 
analysed by X-ray fluorescence (XRF) and the results are given in Table 2. 4 
below.
Table 2.4 
X-ray Fluorescence Measurements 
High Nickel Alloy (w t %)
Front Middle End
AS <.002 <.002 <.002
ca .003 <.003 .004
P .002 .002 .002
Ni .25 .24 .25
Mn 1.00 .83 .82
Si .07 .06 .05
Sn <.002 <.002 <.002
The values are in close agreement with those presented in Table 2 . 2 . 
which is very satisfactory apart from the possible one anomalous result for 
manganese from the front piece. This material's IGSCC susceptibility is 
known to be relatively insensitive to this level of variation in manganese 
concentration. This small difference therefore would not cause any 
perceptible change in this material's IGSCC characteristics.
A standard annealing treatment at 1000 °C  for 1 hour, followed by a 
furnace cool to 800 °C and a hold for a further 1 hour and then an air cool, 
results in the structure shown in Figure 2. 1 for longitudinal and transverse
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( b)
Fig (2.1) S e c t i o n s  o f  0 , 1 5 C , M n  s t e e l  a f t e r  1h 1000°C ( * 1 0 0 )
( a )  L o n g i t u d i n a l
( b)  T r a n s v e r s e
sections, it is clear that the peariite is aligned along the long axis of the 
bar in long strings as a result of the extrusion. For the polarisation and 
tensile testing that follows, an isotropic equiaxed material is desirable, which 
obviously is not the case with the present structure. The inhomogeneous 
structure in Figure 2 .1  may lead to irregular crack propagation, since, as 
discussed in section 1 . 1 . 2 . carbon increases the dissolution rate via a 
depassivating action and large carbides act as efficient cathodes causing 
intense local attack13. These characteristics may affect an incident crack 
on a substantial peariite stringer by impeding a propagating crack, by either 
blunting or causing crack bifurcation. Methods of modifying this undesirable 
microstructure with its possible irregular behaviour, may be achieved by 
further heat treatments, possibilities for which are now considered.
Since a segregation heat treatment is to be used on this material, this 
itself may have a beneficial effect on the structure, and this is now 
characterised. Samples that are previously heat treated at 1000 °C  for 
1 hour and then air cooled, are used for this comparison. This initial 
treatment gives a varied structure of mainly peariite but with some small 
areas resembling a bainitic structure, as shown in Figure 2 .2 .  This air cool, 
without an arrest at 800 °C . produces a material in a slightly unstable state. 
Therefore, a subsequent segregation heat treatment is more likely to affect 
this material. The results are shown in Figure 2 .2  for 0 and 48 hours at 
600 °C . The microstructure appears to be independent of this treatment, 
and hence it is ineffective at achieving an equiaxed material. Figure 2 .2  also 
shows that increasing the cooling rate does not produce any desirable 
advantage. The applications of cold work, which severely deforms the 
microstructure and may possibly break up the stringers, followed by 
annealing at 1000 °C , do not give any benefit. The retention of the peariite 
stringers in the original configuration infers that a component of the alloy 
is insensitive to the above heat treatments. Such a component is fixed and 
does not diffuse significantly to homogenize and persists as a preferential 
site for nucleation during the austenite-ferrite transformation. The diffusion 
of components within the alloy are now considered, to see if they are 
responsible for the observed behaviour.
To calculate the diffusivity D of a component, and how far it will diffuse 
L, two formulae from diffusion theory are used:
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Mag ( x 100)
Figure 2.2 Longitudinal sections of C.Mn steel after 1h at 1000°C and air cool
At (a) 600°C, 0 hours. ( b) 600° C, 48hours.
D = D0 exp l - Q / R T ] (2 . 1)
L = v/UT (2. 2>
where Q Is the activation energy. R and T are the molar gas constant and 
temperature, and t is the time. The diffusion of the alloy components Mn. 
C and Si in iron are considered in the austenitic phase. The following values 
are taken from Diffusion Data, and are an average for a number of iron 
based alloys.
Table 2.5
Diffusion Coefficients for Mn, C, Si
(X10~5, n^s"1) (JcJ/roole)
Mn 1.4 252
C 1.76 137
Si 5 223
The diffusivity at 1000 °C , and the diffusion length for a hold of 1 hour
are
Table 2.6 
Diffusivity at 1000 °C
D1000 L1000
(m2s_ 1 ) (/nn)
Mn 6.40 X 10-16 1.52
C 4.21 X 10-11 389
Si 3.54 X 10-14 11.3
Since the grain size after extrusion is, approximately 20 Jim. the above 
tables indicate that only manganese is a problem. Manganese is speculated 
to cause the problem in the following way. It is assumed that the manganese 
is initially aligned within the peariite stringers and is in excess there. Further
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it is noted the y - a  transition temperature is depressed by the presence of 
manganese, the bulk composition of 0 . 8 % shifts the transition down by 
approximately 20 °C . Cooling through the transition, the low Mn region will 
transform to ferrite before the high Mn regions. The higher solubility in 
austenite of carbon, coupled with the high diffusion rates of carbon ( 3 -5  
seconds for 1 0  jim) results in the carbon concentration increasing in the 
stationary Mn rich regions; the previous site of the peariite stringers. A heat 
treatment can be predicted to allow homogenizing (ie  adequate diffusion of 
M n ) . by considering the diffusion length of Mn at various temperatures for 
1 hour.
Table 2.7 
Diffusion of Manganese
°Mn ^
m2s_1 tm
40 X 10“16 1.52
62 X 10~15 3.61
62 X 10“14 7.64
Considering the grain size of 20 /-tm. a heat treatment of 1200 °C for
4 hours would produce an approximate diffusion path of 15Acm for
manganese, sufficient to homogenize the material. This treatment is shown 
in Figure 2 .3  and shows the desired equiaxed material. An alternative 
explanation to the retention of the peariite stringers is hetrogenous nucleation 
on insoluble precipitates. Again these are assumed to be aligned within the 
peariite stringers, and their low solubility allows them to remain intact during 
a standard annealing treatment at 1000 °C . A suitable candidate is a
refractory nitride. Measurements of the nitrogen content show it is <10 ppm, 
a very low level. Coupled with the absence of a suitable metallic element 
at a significant concentration considerably reduces the probability that this 
is the controlling mechanism.
The heat treatment of 1200 °C  for 4 hours causes decarburising. which 
is minimised in a vacuum furnance compared to an air one. Decarburising 
could be avoided altogether by using a neutral carburising environment, but 
this requires a specialised furnace that is not available. The ingress of
T
° c
1000 6 .
1100 3.
1200 1 .
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F ig (2.3) S e c t i o n s  o f  0.15 C,Mn s t e e l  a f t e r  4h 1200°C 
in v a c u o  ( x 100)
( a )  L o n g i t u d i n a l
( b ) T r a n s v e r s e
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Depth from edge of bar (mm)
Figure 2 .4  Decarburlsation at 1200 °C for 4 hours (Broken 
lines =experimental, solid = average)
decarburisation can be estimated by measuring the concentration of peariite 
visible in the optical microscope as a function of depth from the surface. 
An image analyser Is used, a line is drawn along the radius and divided 
into approximately 0 . 6 4  mm intervals. The percentage within each segment 
where peariite intersects the line is evaluated. This does not give a quantified 
elemental analysis, but does show the carbon depth distribution. A small 
length of bar is heat treated at 1200 °C for 4 hours, and then subsequently 
cut in half to reveal the decarburisation. The percentage of ferrite is shown 
as a function of distance in Figure 2 .4 .
At the surface the material is virtually all ferrite, dropping to 75% content 
in the unaffected bulk. The material is completely unaffected at a depth 
2 .8  mm. and the intermediate mean value of 85% occurs at 1 .3  mm. Using 
the diffusion data for carbon in Table 2 . 5 ,  the diffusion length is calculated 
to be 1 .9  mm, and agrees closely with these measured values. This level 
of decarburisation penetrates into the material to be used for the polarisation 
samples. 14 mm diameter cylinders, since the extruded bar stock is 17 mm 
diameter. A reduction In the heat treatment is necessary so that the affected 
decarburised zone does not extend deeper than 1 .5  mm. The 
correspondence of the decarburisation depth with the diffusion length can
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Figure 2 .5  Decarburisation at 1200 °C  for 1 hour (Broken 
lines =experimental, solid = average)
*
be used to predict a suitable treatment. A calculation of the diffusion length 
for a heat treatment of 1200 °C for 1 hour should halve the decarburisation 
to 0 .9  mm and leave material completely unaffected at « 1 . 4  mm, safely 
within the 1 .5  mm limit. Results of this treatment are shown in Figure 2 . 5 ,  
and confirm this analysis (this time the line scan sampling Interval is at every 
0. 32 m m ) . The microstructure Is shown in Figure 2. 6 . Although the material 
is no longer equiaxed the peariite stringers are broken up, and it is expected 
that this material will behave very much as an ordinary mild steel in a service 
situation. This is the standard annealing treatment used for all the material 
of 1200 °C for 1 hour. The following segregation heat treatment is now 
discussed.
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2 .2  SEGREGATION
2 . 2 . 1  Heat Treatment
In section 1 . 5 . 1  a method for predicting segregation in binary alloys is 
discussed. An investigation of the limitations of this approach in section
1 . 5 . 2  for mild steels, reveals that the carbon content depresses segregation 
of other components by a site competition effect. However, the use of this 
approach by Lea and Hondros1 gives agreement within a factor of two with 
Auger measurements, better than the accuracy of theory (ie  the prediction 
from equation 1 .27 ) .  The choice of segregation treatment is somewhat 
arbitary between 450 and 650 °C . at lower temperatures segregation 
increases but takes a longer time to reach equilibrium. A suitable treatment 
of 500 °C for 48 hours is proposed. This is a lower temperature than that 
of 600 °C for 100 hours, used by Lea and Hondros. The enhancement in 
segregation at 500 °C due to the reduced solid solubility, evident from a 
phase diagram, is only marginal. This difference is insignificant compared 
to the prediction from equation 1.27.  and the values measured by Lea and 
Hondros are presented here, but could alternatively be calculated from solid 
solubility data88. The advantage of using Lea and Hondros's data is that the 
experimental results obtained are for a similar Fe-C alloy, and therefore 
implicitly account for the modified solubility and site competition effect 
between carbon and each segregating component. In calculating the level 
of segregation the kinetics are considered as indicated in equation 1.28.  
To calculate equation 1.28.  the grain boundary width d N must be evaluated. 
This is done by noting the boundary width is equivalent to one monolayer 
of the segregant calculated from the atomic size of the segregant using the 
expression:
Where A = the atomic weight, N = Avagadro's number and p = the 
density. The grain boundary monolayer coverage (X ^  of an impurity is 
evaluated using the enrichment ratio ( £ N) taken from Lea and Hondros1, 
modified by the kinetic expression given in equation 1.28,  ie
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It is assumed that saturation coverage corresponds to one monolayer of sites 
at the grain boundary. The values are tabulated below for a segregation heat 
treatment of 500 °C for 48 hours.
Table 2.8
Predicted Grain Boundary Segregation Levels
Lement % D
XN(t)
%C~)
LLloy) (At—%) (nm) (m2 s-1) % %
C (B) 12,000 0.697 0.21 2.3 X 10“13 98.7 100
LP 530 0.016 0.28 5.1 X 10-18 95.7 7.8
MP •I 0.043 tt •I II 21.1
HP It 0.076 It •I II 36.0
LS 23,400 0.017 0.30 4.8 X 10“17 51.7 0
MS It 0.040 tl It II 0
HS It 0.063 II II II 0
LSn 580 0.025 0.30 1.59 X  10”19 73.5 10.7
MSn It 0.045 II II II 19.3
HSn tl 0.099 II II •I 42.2
LCu 160 0.062 0.23 7.3 X 10“21 73.5 7.3
MCU tt 0.123 II II •1 14.4
HCU II 0.202 II •I «. II 23.7
LNi 35 0.076 0.22 1.4 X  10“21 86.5 2.3
MNi ' It 0.143 II II II 4.3
HNi tt 0.219 II •I II 6.6
The XN values for sulphur assume that manganese precipitates the 
sulphur and so the grain boundary content will be zero.
These theoretically predicted segregation levels are now compared with 
the work of Lea and Hondros1 and Erhart and Grabke ^  The predicted 
segregation level, here, of course agrees with that of Lea and Hondros since
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the enrichment values are their's. Using these segregation values a level 
of segregation can be predicted for the material used by Erhart and Grabke 
for phosphorus at 0.045% in a .  0 .1% carbon alloy. For equilibrium 
(Ie  XN(t) = XN(<®)) and # N = 530, XN should = 43.0% monolayer, whereas 
Erhart and Grabke's measured value = 15.2% monolayer of phosphorus (as  
shown in Figure 1590) .  This level of segregation ( £ N = 192) is 35% of the 
level measured by Lea and Hondros. a factor of three difference in 
apparently identical material. The concentrations of carbon and manganese 
of 0 .15% and 0.05% respectively for Lea and Hondros's material, are 
different to those used by Erhart and Grabke of 0 .1% C and 0% Mn. but 
these bulk compositional differences are relatively minor and are not 
significant. Since this discrepancy and the validity of predicted segregation 
levels are not crucial to determining grain boundary composition, segregation 
measurements by Auger electron spectroscopy (AES) are now considered.
2 . 2 . 2  Auger Electron Spectroscopy
Specimens for Auger analysis are produced from the heat treated stock 
according to Figure 2 .7 .  The samples are fractured in a manner similar to 
a Charpy test, by impact on one end of the sample, while the other side 
is held. The samples are mounted inside a VG Scientific ESCA LAB Mk II 
instrument equipped with Auger analysis. Attached to the analysis chamber 
is a specimen preparation chamber with two sample entry locks. In this 
specimen preparation chamber, with a base pressure of 2  x 10“® Pa. is 
mounted the fracture stage with integral entry lock which allows the sample 
to be cooled to liquid nitrogen temperatures (-1 9 5  ° C ) . Up to nine 
specimens are held in a magazine, and are fed into the impact tester which 
allows both specimen halves to be captured for analysis. Fractured samples 
are dropped into holders which may be transferred to the analysis chamber.
The analysis chamber (base pressure = 10"^Pa) contains an LEG 500 
electron gun.capable of SEM analysis at 50 nm resolution. For AES the 
electron gun is operated at 10 kV with a 400 nA beam current ( 1 - 5  jim 
resolution). Emitted electrons are transferred via a 3 to 1 magnification 
einzel lens to a hemispherical analyser. A 6  mm entrance slit is selected 
on the analyser, which is operated at a constant retard ratio (CRR) of 4. 
and with 2 eV modulation. The channeltron detector is run in a current gain 
mode and all of the data are acquired on a Apple mini-computer. Carbon
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Figure 2. 7 Impact specimen for Auger analysis
and segregant Auger electron peaks are repeated in narrow scans, to improve 
the signal-to-noise ratio. The data points are smoothed with a 11 point 
cubic-quadratic function for the narrow scans collected at 0. 05 eV intervals.
2 . 2 . 3  Results of the AES Analysis
Following fracture of the specimens by the method described above, the 
electron gun is operated in a high resolution mode to identify the 
intergranular regions suitable for analysis, a typical region being shown in 
Figure 2 .8 .  Unfortunately, only the phosphorus alloys fracture in an 
intergranular mode, with only a maximum of 0 . 1 % of the fracture face being 
intergranular, the remainder being transgranular cleavage. This compares 
with < 3%. noted previously for Erhart and Grabke. Why the fraction of 
intergranular fracture that is obtained here is significantly less than that 
measured by Erhat and Grabke is not clear, especially since a very similar 
method of fracture is used. Lea and Hondros use pre-cracked tensile 
specimens, and complete the fracture by impact in the vacuum system. 
Application of this method proves unsuccessful, the impact part of the 
fracture completed in the AES instrument is as before in a cleavage mode, 
penetrating into the sample from the oxidised tip of the pre-cracked sample. 
This is demonstrated in Figure 2 .9 .  where both an oxygen Auger electron 
map and the corresponding SEM micrograph are shown. The oxygen map 
is obtained by scanning the electron beam over the sample slowly while 
recording the oxygen peak intensity at 510 eV and the background at 530 eV. 
By displaying (peak-background)/(background). some of the topography 
effects can be removed. This shows all the intergranular area is covered 
in oxygen due to the precracking. The oxygen free areas correspond to
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Figure 2.8. Impact frac tu re  in UHV showing single area of in te rg ra n u la rity
of the high phosphorus a lloy (x 800)
(b)
Figure 2.9 Impact fractu re  of precracked sample (a)SEM picture of corrosion 
crack tip (x^OO ) ( b) Oxygen Auger map of the same area.
cleavage only with no Intergranular regions. Since this method proves to be 
unsuccessful, other methods to expose an oxide free intergranular fracture 
face to the spectrometer are discussed. This Is pursued since AES offers 
the greatest sensitivity compared with any alternative technique. Possible 
methods are discussed below. This apparent lack of intergranular failure 
contradicts the results of Lea and Hondros but, as we shall see later, arises 
through the extra care taken here!
(a ) Depth Profiling: A sample fractured in NHJslOg. with an intergranular 
surface, is depth profiled with an argon ion beam at 3 keV. If an 
impurity enrichment is present in the material, a profile through the 
oxide to the oxide/metal interface may reveal this buried monolayer. 
Investigations reveal that the oxide is in excess of 1 fim thick. Such 
a thick oxide cannot be profiled to a monolayer precision at this depth, 
since blurring effects due to the statistical nature of sputtering, 
cascade mixing, and topography generated features, prevent the 
necessary attainment of high depth resolution. This method is 
therefore not appropriate for the detection of monolayer segregants.
(b ) Temperature at Impact: The ductile brittle transition temperature
(DBTT) for this material occurs between room temperature and 
-195  °C . At -1 9 5  °C the material fails by transgranular cleavage on 
impact, and as the temperature is raised it transfers to ductile 
behaviour at the DBTT. However, before or around this point where 
cleavage is no longer easy, intergranular fracture often occurs 
preferentially. The DB7T appeared at approximately -5 0  °C . but tests 
about this temperature revealed no enhancement of intergranular 
failure.
One final alternative method of enhancing the intergranular failure on impact 
is tried; that of hydrogen charging.
(c ) Hydrogen Charging: The discharge of monatomic hydrogen and its 
subsequent absorption to critical sites, perhaps to form destructive 
pockets of very high pressure molecular hydrogen, is well documented 
to occur in high strength steels in chloride media. Here the possibility 
of hydrogen absorption to grain boundary sites is considered. The 
lattice distortion at these sites may provide suitable sinks for hydrogen.
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An unstressed sample is charged in a solution of 0 . 05  M 
H2 S 0 4  + 1 mg NaAsOg for 2 hours at -640  mV and room 
temperature. Subsequent impact at room temperature immediately after 
charging shows no evidence of intergranularity, although the failure 
is brittle. Repeating this procedure with another sample, but this time 
simultaneously stressing the sample at the yield point, still does not 
influence the result.
The above shows that intergranular fracture is not possible by an impact 
route, except for the phosphorus doped alloys. Therefore only these alloys 
can be studied by the primary method which had been envisaged: AES of 
grain boundary surfaces.
The data recorded from individual grain boundaries are given below in 
Table 2 . 9 .  a typical wide scan Auger electron spectrum from the HP alloy 
is shown in Figure 2 .10 .  together with a narrow scan of the phosphorus 
Auger electron peak.
Table 2.9 
AES Peak-to-Peak Heights
Carbon Phosphorus
272 eV 120 eV
counts per second
LP 46,156 5303 1173
5090 2643
3229 2498
HP 32,215 2520
45,994 2809
50,456 3233
To quantify these results there are two possible routes, the use of a
general equation, such as equation 1.44.  or the experimentally derived
equations 1.45 and 1.46.  These two approaches are compared by evaluating
3737
3495
4190
MP 58,628
47,132
Alloy Iron
650 eV
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Figure 2.10 Auger spectra from an intergranular area (a) wide scan (b) 
narrow scan around phosphorus
1.44 for both carbon and phosphorus segregation in iron. The 
respective coefficients <1 >AB are calculated and lA values are taken from a 
data handbook for the peak intensities given in Table 2.9.  An angle of 
analysis must be determined to evaluate $ AB. although the sample is held 
horizontally and the analysing transfer lens is at 15° to the normal, the 
undulating surface of a fracture face means there is no fixed angle of 
analysis. An average is assumed of 45° ,  the scatter around this will be of 
the same accuracy as X. ie ± 30% (X is given in equation 1 .30) .  This 
problem is implicit in equations 1.45 and 1.46.  so that any comparison can 
not be more precise than this uncertainty. To calculate equation 1.44,  $ AB, 
as expressed in equation 1.43,  must be evaluated. The relevant parameters 
for evaluating equation 1. 43 are tabulated below.
Xa (E a) is from equation 1.30,  aA from equation 2 . 3 ,  the r A values are 
from Seah's collation of Shimizu and Ichimura's data, and i A°° values 
from Ref 99. Calculating 2<I>AB and the IB°°/•a*” va,ues 'n equation 1.44,  
respectively, give.
These values correspond with the numerical coefficients of 4 and 1 (ignoring
Table 2.10 
Paramaters for evaluating
Element XA(EA )cose rA<EA> rB(EA> IB°°/IA
nm nm
Carbon 0.46 0.21 0.20 0.83 1.80
Phosphorus 0.47 0.28 0.63 0.90 0.47
(2. 5)
1. 4 ( 2 . 6 )
P
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the %s) from equations 1.46 and 1.45,  respectively, and are encouragingly 
within the overall accuracy of this approach. In selecting the correct matrix 
factor there are errors in using the general approach of equation 1. 44. in 
particular the errors in X, or similarly in using experimentally derived 
equations where apparatus parameters will vary between instruments. Since 
neither approach is absolutely accurate for the present experimental
conditions, an average of the two methods is used, ie the average of 
equations 2 .5  and 1.46 and of equations 2 .6  and 1.45.  The agreement of 
these two sets of two equations, within their own accuracy limits, supports 
this conclusion, and an average of these two sets of equations are given 
below.
0C = 460 ^  at-% (2. 7)
Fe
0 P = 120 at-% (2 .8 )
'Fe
The grain boundary monolayer segregation levels and the enrichment ratios
are now calculated from Table 2 .9  using equations 2 .7  and 2. 8 . and are
given in Table 2 .11.
Table 2.11 
Grain Boundary Segregation Levels
Alloy Carbon Phosphorus
at —% jOjj at -% /?^[
LP 52.8 76 3.0 188
MP 35.7 ±6.0 51 5.9 ± 0.7 137
HP 31.2 ± 4.2 45 11.0 ± 2.6 145
2 . 2 . 4  Discussion of the AES Analysis
The increase in phosphorus segregation is consistent with equation 2.4 ,  
ie linear dependence on increasing bulk concentration. The level of carbon 
segregation decreases with the increasing phosphorus segregation, and is
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considerably lower than expected from Table 2.8 .  This low carbon level may 
simply reflect that it is only these low carbon boundaries that fracture 
preferentially In an intergranular mode. It is also possible that the available 
grain boundary sites for carbon segregation are less than the previously 
assumed one monolayer. The surrounding carbide precipitates may also 
provide an alternative attractive sink for free carbon and via a competing 
process, reduce the carbon segregation to grain boundaries. The reduction 
in carbon segregation with increasing phosphorus segregation may be a 
direct consequence of site competition between the two elements for the 
available, grain boundary sites. Since only a small fraction of the impact 
failure is intergranular. no conclusions can be drawn as to why carbon 
segregation is lower on these few boundaries, although the site competition 
effect with phosphorus is clear. The enrichment level of phosphorus 
segregation is significantly less than the predicted value in Table 2 .8  of 530. 
here an average enrichment of 156 ± 30 for the 6  readings in Table 2 .9  
is recorded. This enrichment level takes into account that only 95. 7% of 
the equilibrium value is achieved. This value Is much closer to that measured 
by Erhart and Grabke. where in their extensive work they indicate a value 
for /3  ^ of 187 at 500 °C for a similar F e -C -P  alloy. The slightly higher 
value of Erhart and Grabke may be attributed to their lower carbon level of 
0.1% compared with 0.15% used here. The enrichment values 
measured by Lea and Hondros and used in Table 2 .8  and which disagrees 
with the present results, do agree within the accuracy with values 
obtained from solid solubility data. Accurate data are only available for binary 
alloys encompassing, iron and the segregant. and not for ternary alloys 
encompassing, iron, carbon and segregant at these concentrations. Lea and 
Hondros's predictions can only be for binary alloys of iron and segregant 
and so do not allow for the additional effect of competing carbon 
segregation. These predicted values for therefore should greatly exceed 
their measured values, they however do not. For a pure binary alloy of 
Fe-P . Erhart and Grabke measure an enrichment of 855 at the phosphorus 
concentration and temperature used by Lea and Hondros (0 .028%.  600 ° C ) . 
All of these enrichment values for phosphorus are summarised in 
Figure 2 . 1 1 .
This clearly shows the good agreement between this work and that of 
Erhart and Grabke for similar alloys, and that the value for Lea and Hondros 
is Intermediate between a Fe-0 . 15% C and pure Fe. A possibility is that
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Figure 2.11 A Lea and Hondros Fe-0-15%C-0 028%P 600°C x p=predicted,^measured
B Erhart and Grabke Fe-0 028%P 600°C
C Erhart and Grabke Fe-0-10%C-0 CK5%P x = 600°C o = 500°C
D Present work Fe-0-15%C-(0 009-0  0^2 )% P 500°C
Segregating enrichment levels (Pp) of phosphorus in various 
F e - P  alloys.
the carbon level in Lea and Hondros's material is less than the stated value; 
this possibility Is critically analysed in Chapter 8  in light of the corrosive 
tensile testing. There it is concluded the outer 1 mm of the specimen is 
decarburised. Hence the lower carbon levels in Lea and Hondros's material 
facilitates enhanced impurity segregation over that observed in both the 
present alloy and Erhart and Grabke's Fe-0 . 1% C material. However, the 
segregation is below that of a pure Fe-P  alloy, indicating the presence of 
residual carbon and the possibility of site competition between segregant and 
carbon.
The predicted segregation levels in Table 2 . 8  are consequently now 
shown to be in error. The correct level of phosphorus segregation, as 
measured by AES and given in Table 2 .11 .  can be used to correct 
Table 2 . 8 . The data of Lea and Hondros are still used, since the competing 
segregating propensity of carbon and the impurity is still implicitly accounted 
for, even though the carbon level is significantly reduced. Here we assume 
the level of segregation is decreased by a similar amount for all the 
segregants. This is due to the higher level of carbon in the present alloy
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compared to that of Lea and Hondros. The correction factor used is 
simpiy the phosphorus £ N value for the present work divided by that of 
Lea and Hondros, ie 156/530 = 0.294.  The new segregation levels are given 
below in Table 2 . 12 ,  calculated using equation 2 .4 .  This table represents 
the best estimate of grain boundary segregation based on both the AES 
measurements for phosphorus segregation and the segregation theory, using 
the modified enrichment ratios of Lea and Hondros.
Table 2.12
Measured and Predicted Grain Boundary Segregation Levels
lement % Xc
^(t)
%
Mloy) At-% % %
LP 156 0.016 95.7 2.4
MP 156 0.043 95.7 6.4
HP 156 0.076 95.7 11.3
LS* 7 0.017 51.7 7
MS 7 0.040 51.7 7
HS 7 0.063 51.7 7
LSn 171 0.025 73.5 3.1
MSn 171 0.045 73.5 5.7
HSn 171 0.099 73.5 1 2 .4
LCU 47 0.062 73.5 2 . 1
MCU 47 0.123 73.5 4.2
HCu 47 0 . 2 0 2 73.5 7.0
LNi 1 0 0.076 86.5 0.7
MNi 1 0 0.143 86.5 1 . 2
HNi 1 0 0.219 86.5 1.9
* The sulphur levels are not calculated since the sulphur is 
probably all precipitated as MnS
The problems encountered in measuring the grain boundary composition 
are due to the lack of any brittle behaviour. This occurs due to the 
competitive segregation of carbon, its high propensity to segregate and its
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influence in improving the ductility of the grain boundary. These factors 
dominate over any embrittling influence by the impurities. The addition of 
Sb, a potent embrittler, has been shown in this laboratory to be ineffective, 
at relatively high concentrations of 0 . 2 %. the fraction of intergranular 
fracture on impact unchanged for carbon steels. Thus the minimal effect on 
grain boundary strength by the modest levels of impurities used here is 
elucidated. A corollary to this result, regarding low alloys steels, is that 
although alloy steels often contain similar carbon levels to mild steels, the 
additional alloying elements, that are also strong carbide formers, remove 
carbon from solid solution. This allows the detrimental impurities to 
segregate, via the removal of the site competition effect. In mild steels the 
effectively free carbon dominates the grain boundary segregation and 
strength. These effects of carbon may significantly alter the grain boundary 
response anticipated from the addition of impurities from that reported by 
Lea and Hondros1. These possible differences in behaviour that may be 
observed, in the electrochemical and stress corrosion tests, during this 
study, however, can be interpreted with certainty regarding the distribution 
of carbon and the impurities; since this distribution has now been carefully 
established.
2 . 2 .  5 Desegregation Treatment
An alternative second heat treatment to the segregation treatment of 
500 °C  for 48 hours is now discussed. This new second treatment provides 
an alternative grain boundary composition, while still maintaining the same 
bulk composition. This can then be used to determine the sensitivity of IGSCC 
to local variations in concentration, by comparison with the segregated 
material.
The previous slow cool from 1200 °C In a vacuum furnace results In our 
material residing in the critical temperature range for an appreciable time. 
The ratio XN( t ) /X N(» )  Is 75% for phosphorus at 600 °C for 15 minutes, 
which represents an appreciable level of segregation. The only possibility 
to change the segregation level significantly, is to use a higher segregation 
temperature treatment. This will increase the solid solubility and decrease 
the segregation. However, the mixed austenite phase area above A r  should 
not be entered since significant changes in the microstructure would occur. 
A treatment, named the "desgregation treatment", of 700 °C for 4 hours
Chapter 2. 2. 5 p92
followed by a water quench Is used. The high cooling rate limits the 
XN( t ) /X N(°°) value at 600 °C to 2% for phosphorus and this is considered 
to be satisfactory. The level of segregation for this treatment is difficult to 
predict due to the uncertainty in the precise solid solubility of the segregants. 
Attempts to analyse the grain boundary by AES failed, since no intergranular 
fracture could be produced even in the HP alloy. This implies that the 
phosphorus segregation level is below 3%. assuming a similar carbon 
segregation level to the previous segregation heat treatment. This new 
treatment may affect the carbon distribution1 3  and hence the properties 
but. even so. will still provide a useful contrast to the segregation 
treatment.
2 . 2 . 6  EDX analysis in STEM
In Chapter 1 . 5 . 3  an alternative technique of grain boundary analysis by 
X-ray energy dispersive spectroscopy (EDX) in a scanning transmission 
electron microscope (STEM) is discussed, and is pursued further here.
In section 1 . 5 . 3  it is pointed out the detection limit for this technique 
is «* 10% of a monolayer. From Table 2. 12 the maximum segregation levels 
do not exceed this level, and the possibility of success is small. However 
this marginal possibility is considered worth pursuing. The comparatively high 
level of segregation for the high phosphorus alloy, confirmed by AES. makes 
this alloy the ideal candidate for evaluating this technique.
Sample preparation: For transmission electron microscopy samples are
thinned to < 1 0 0  nm, so that the electron beam can penetrate the sample. 
Samples are initially ground and lapped to 100 jim. and cut into 3 mm 
discs. These are electrochemicaily thinned in a jet polisher until perforation 
occurs. The electrolyte is 100 gm of sodium chromate in 500 ml of glacial 
acetic acid at room temperature. A current of «** 30 mA (»  200 mA c m -2) 
is used, and requires approximately 30 minutes to just perforate the sample.
Instrument: A 200 kV JOEL STEM equipped with a Link EDX system is used.
Results: Triple points are chosen for analysis since grain boundary
concentration maximises in the field of view for this region. Correct 
identification is ensured by imaging with the second order diffraction spot
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from the dark field image from one side of the grain boundary. If correctly 
chosen the observed contrast at the boundary is a consequence of a change 
in the lattice orientation and diffractjon condition. Suitable areas could only 
be identified in the thinnest material. At 200 kV the X-ray count rate is very 
low. due to the high penetration and the thinness of the specimen. Count 
rates are significantly improved at lower energies due to the improved cross 
sections, and 70 kV is found to be optimum. The interaction of the magnetic 
lenses in the microscope with the iron specimen degrades the resolution. 
The use of only 70 kV and an ordinary tungsten filament further restricts the 
resolution to «* 15 nm. Analysis taken on a number of samples did not reveal 
any enrichment of phosphorus.
It is therefore concluded that this technique can add nothing to the 
conclusions already reached from the AES study.
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2 .3  SUMMARY
The material for future evaluation is prepared from billet. An optimum 
heat treatment is formulated to disperse the pearlite stringers formed during 
extrusion, yet limit the decarburisation to an acceptable level. A heat 
treatment of 1200 °C for 4 hours Is required to homogenise the material 
completely and is shown to be that corresponding to the requisite diffusion 
length of manganese. However, decarburisation is too severe for a high 
specimen yield and so the heat treatment must be modified. Decarburisation 
of the specimens is found to be dependent on the carbon bulk diffusion. 
From diffusion theory a predicted treatment of 1200 °C for 1 hour is shown 
to be satisfactory, which limits the level of decarburisation but just 
homogenises the material. This heat treatment is used to treat the specimen 
stock.
Having achieved a desirable starting material, it is then given a 
segregation heat treatment. Measurement of the grain boundary composition 
proved difficult. The most sensitive and quantifiable technique. Auger 
electron spectroscopy, requires an intergranular surface to be prepared in 
UHV. This proved impossible except for the phosphorus alloys. Alternative 
methods of producing an intergranular fracture face suitable for AES analysis 
proved unsuccessful; X-ray analysis directly from grain boundaries in a STEM 
of thinned samples also proved unsuccessful.
The segregation level is finally estimated for the various residual 
impurities, by using the phosphorus results obtained here in conjunction with 
the measured enrichment ratios established in a similar material by Lea and 
Hondros1. Following quantification of the phosphorus results presented here, 
a ratio is calculated for the phosphorus enrichment levels for this material 
and that of Lea and Hondros's material. This ratio is then used to modify 
the enrichment ratios determined by Lea and Hondros. These new enrichment 
ratios are then used to predict the segregation levels in the present material 
for Sn, Cu and Ni; and are presented in Table 2. 12. This approach is
justified, on the basis that the present material and that of Lea and Hondros
are very similar. The difference lies in the lower bulk carbon level of Lea
and Hondros's material, it being possible for them to make AES segregation
measurements by virtue of this lower carbon level. Therefore. Table 2 .12  
contains the measured phosphorus segregation levels, and the best predicted 
values of segregation for Sn. Cu and Ni. The sulphur is anticipated to be
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precipitated as MnS. and not to contribute to any enhancement at the grain 
boundary.
The work discussed in this chapter establishes the basic material. The 
segregation levels are then evaluated. This characterisation will be used later 
to equate the grain boundary and bulk composition to the IGSCC behaviour.
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Chapter 3
ELECTROCHEMICAL CHARACTERISATION IN 
AMMONIUM NITRATE
INTRODUCTION
In this chapter the electrochemical properties of mild-steel in N H ^J03 are 
characterised. these are needed for the future stress corrosion 
measurements. This is achieved using the potentiodynamic polarisation 
technique which allows the prediction of potential regions of IGSCC 
susceptibility. This prediction is based on Parkins' technique of identifying 
the active-passive transition for different sweep rates2, as discussed in 
section 1.2.  1.1.  The effect of aeration and applied potential are 
investigated, as is the temperature, but the majority of tests are carried out 
at 75 °C . From the results we predict two possible potential regions of stress 
corrosion susceptibility, a small narrow region at 0 mV, and the region 
above the active-passive transition. The polarisation curves show some 
sensitivity to the variation in residual impurities.
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3 .1  Experimental Technique
The choice of a material suitable to construct the electrochemical 
apparatus, that Is free from any disturbing influence on the contained 
electrolyte, is considered. This shows that PTFE is the most suitable. Other 
materials such as glass and plastics leach out components that can affect 
the cell chemistry. The polarisation cell is constructed entirely from PTFE 
and is shown schematically In Figure 3 .1 .  It can be operated from room 
temperature up to 90 °C  under aerated and deaerated conditions. The 
samples are short cylinders 0 . 8  mm high and 14 mm diameter. Samples 
are mounted on a rotatable electrode, with rotation speeds up to 155 rpm. 
This action stirs the solution and creates a well characterised mass transport 
system around the specimen. Mounted around the sample is a platinum 
counter electrode. The reference electrode Is mounted Inside a PTFE 
container with a Luggin capillary to the sample. The solution volume is 
700 ml, and this fairly large volume/sample area ratio should minimise any 
saturation problems with reaction products.
Potentiodynamic polarisation Is achieved with a Wenking PGS81 
potentio-galvo scan, which allows variation of the sweep rate from 0 . 0 0 1  
to 1000 rnVs"1. The current is recorded directly on to graph paper in a 
logarithmic mode. The reference electrode is a Pye Unicam double junction 
silver/silver chloride electrode, and can be used up to 100 °C . The inner 
and outer compartments are filled with 3M KCI and 1M KNOg, respectively. 
Additionally a small crystal of AgCI is added to the inner compartment to 
ensure saturation. The reference potential is 207 mV with respect to the SHE 
at 25 °C . This electrode is maintained at 75 °C during the experiment and 
this causes a shift in the reference potential. This is found to be equal to 
13 mV for a 50 °C  increase, thus at 75 °C  the reference potential = 220 mV 
with respect to the SHE.
For all the tests pH is monitored, although a similar behaviour is noted 
for all the experiments. The pH probe is of a similar type to the above 
mentioned reference electrode. The initial pH of 5M N H J\I0 3  at 75 °C is 
3.90;  if cooled to 25 °C the pH increases to 5 .0 .  During a polarisation 
test the pH typically increases from 3 .9  to 5. 0 at 75 °C.
Samples are prepared by polishing to 800 grit silicon carbide and 
degreasing in dichloromethane (C H 2 CI2) and storing in a dessicator. On
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Figure 3. 1 Schematic of Polarisation Cell
introduction to the electrolyte, it is found that the samples cannot be 
cathodicaliy polarised to remove the air formed oxide. This procedure results 
in the unsatisfactory occurrence of the sample undergoing rapid 
dissolution: probably due to attack by the NH4+ Ion, as discussed
in section 1 . 2 . 1 .  A new procedure for sample introduction is adopted, 
which involves leaving the sample in an open circuit condition for 1 0  
minutes, before commencing the polarisation sweep.
3 .2  Effect of Rotation
The effect of rotation Is shown in Figure 3 .2  over the range 0 to 155 
rpm These data are taken using an ordinary mild steel at a sweep rate of 
4 mVs“1. The figure clearly shows there are no influences due to rotation 
and hence no diffusion component in the reaction. For all of the subsequent 
tests an intermediate value is selected of 53 rpm. since at the extremes of
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the test range electrochemical and electronic noise are greater.
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Figure 3 .2  The effect of rotation on mild steel In 5M NtyNC^ 
at 75 °C . with sweep rate = 4 mVs~1.
3 .3  Effect of Aeration
The electrochemical conditions that exist at a crack tip may vary markedly 
from that in the bulk solution. The pH and polarisation may fall as a 
consequence of the deaerated conditions prevalent at the crack tip. To 
assess whether this is a factor in this system, polarisation curves are 
recorded for two conditions of aeration, (i) ordinary aeration due to normal 
air exposure, and (ii) a deaerated condition. Deaeration is achieved by 
bubbling nitrogen through the cell at 60 cc/m in . Since the sample cannot 
be held in an immune state by cathodic polarisation, the following procedure
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for sample introduction to the cell is adopted. Nitrogen is bubbled through 
the cell for 45 minutes while the cell achieves the desired temperature 
of 75 °C . The sample is then introduced and left in the open circuit 
condition for 15 minutes while deaeration is reestablished, before 
commencing potentiodynamic polarisation. Results are shown in Figure 3 .3  
for the MNi alloy (see Table 2 . 3 ) .
1000
100
D eaerated
Aerated
P o te n tia l/V (S H E )
Figure 3 .3  The effect of different aeration conditions on the 
MNI alloy In 5M NM4 N 0 3  at 75 °C . sweep rate =
1 mVs"1. rotation = 53 rpm.
These results show a small difference between the two levels of aeration. 
For the deaerated condition the critical current density and active/passive 
transition are marginally increased above that of the normal aerated 
condition. This would be expected if oxygen directly participates in 
passivation. The small effect is probably due to the highly concentrated (near  
saturation) electrolyte in which oxidation is possible by the nitrate Ion alone, 
without the presence of oxygen, see equation 1.7.  This result indicates that 
deaeration is very unlikely to be significant in IGSCC, and so it will not be
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applied to future tests. This practice is in common with other workers.
3 .4  Effect of Sweep Rate
In section 1.2.  1. 1 we discussed the variation in current response between 
different sweep rates in the potentiodynamic polarisation test as a method 
for detecting regions of IGSCC susceptibility. Basically the technique records 
the overshoot in the corrosion current at the active/passive transition in a 
fast sweep compared to that of a slow sweep. The range of potentials in 
which this shift occurs with varying sweep rates is found to correspond with 
susceptibility in IGSCC2. This procedure has been established as a very 
powerful technique to identify the most critical regimes for IGSCC and is 
considered further in detail here. The fast sweep response is typical of crack 
tip behaviour and the slow sweep of the bulk or crack walls. However, it 
may be that this test is inapplicable for this particular electrolyte, since the 
air formed oxide cannot be removed, as discussed previously. This is due 
to the aggressiveness of the NH4+ ion on cathodic polarisation. The 
presence of an air formed film at the start of the anodic sweep may modify 
the polarisation scan, particularly for the faster sweeps, as discussed in 
section 1 . 2 . 1 . 1 .  To resolve this uncertainty the influence of sweep rate is 
assessed here. Results are given in Figure 3 .4  for the MP alloy at different 
sweep rates.
Before considering Figure 3 .4  the general form of the polarisation curve 
is discussed. To help in this discussion a schematic of the polarisation 
curve, typical of 1 mVs” 1 sweep rate, is shown in Figure 3.5 .  On this 
curve the possible interesting features are labelled in a sequential manner. 
For pure Fe V 1 coincides with the onset of passivity, but for Fe-C  alloys 
it is only a narrow minimum (see section 1.2.  1.1 and F lis 1 *X. From V z  
with increasing potential, the current undergoes a slow oscillation for 
approximately 200 mV. This second part of the anodic peak is sensitive to 
the bulk concentration of carbon and the material's heat treatment. Passivity 
commences at V3  but does not reach a low plateau region until V 4  The 
most notable point of these curves is the existence of the second part of 
the anodic peak, giving a very large active region.
Returning to Figure 3 .4  it is clear that V 1 occurs at higher potentials with 
increasing sweep rate. This is similar to the behaviour observed, in general.
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Figure 3 .4  The effect of sweep rate on the MP alloy In 5M
NH4 N 0 3  at 75 °C . rotation = 53 rpm.
elsewhere, except here there is a return to activity from the slow sweep 
response before V 1 occurs for the fast sweep case. Although the minimum 
at V1 occurs for all the tested sweep rates, when the various sweep rate 
curves are superimposed it Is not clear what the true specimen response
should be. Thus, it appears that the passive region around V 1 may only
exist as a transient state between two active regions. Furthermore, its 
occurrence is probably dependent on bulk pH. This pH will increase at a 
higher rate for a slower sweep rate test, and will therefore attain a higher 
absolute value for all potentials with lower sweep rates, tending to move V, 
cathodically. This complex response cannot be used with any certainty or 
precision to predict susceptibility in IGSCC, based on the previous criteria 
as established by Parkins.
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Figure 3 .5  Schematic of the polarisation curve, and the 
definition of significant parameters.
At V3  there is a short-fall in the anodic peak for the fast sweep of 
20 mVs“1. compared to the other curves and opposite to that expected. 
Following V1 the current does not attain the high level observed for the 0 .2  
and 1 mVs” 1 sweep rates. There is also no overshoot in Vg. as shown 
typically in Figure 1.19 for the faster sweep rate scan. The difference 
between 1 and 0 .2  mVs" 1 is as expected for fast and slow sweeps, but the 
small difference in V3  of 40 mV. does not correspond with the known wide 
potential range of susceptibility in this system. After V 3  all the curves are 
very similar.
Summarising these results, the well established technique of varying the
Chapter 3 .4 p104
sweep rate in potentiodynamic polarisation appears to be ineffective for 
indicating the potential regions which may correspond to IGSCC susceptibility. 
This failure can be attributed to the inability to remove the air formed oxide, 
and that the main anodic peak is comprised of two sub-peaks.
3 .5  Influence of Impurities
The influence of the impurities on the electrochemistry is now studied 
using the potentiodynamic polarisation test. These data are assessed to see 
how the impurities influence this response, so that a prediction can be made 
on how the impurities effect IGSCC susceptibility. It is known that some 
elements, for example phosphorus and sulphur, can dramatically alter the 
active-passive nature of a material. As mentioned previously, in section 
1 . 4 . 3 ,  the work of Kupper et a l8 4  showed the addition of phosphorus to 
iron could completely eliminate the passive region at only 2 .5  wt%. Although 
such high impurity concentrations do not exist within the bulk of the present 
material, they do at grain boundaries, as shown in Table 2 .12.  Adding the 
separate contributions from the bulk and grain boundaries may therefore 
produce a peak, or shoulder, in the passive region of the bulk response, 
due to passivation at the grain boundaries . However, the fractional area 
contributed by the grain boundary, in the total polarisation response, is very 
small and is approximately 1 in 105. This requires the current in the 
passive region of the bulk to be 1 0 6  down on the peak anodic current for 
any grain boundary features to be apparent. The polarisation curves are now 
considered with reference to the above, and any further possibility of 
additional characteristics in the curves that may indicate specific activity due 
to the added impurities.
The material analysed is in the segregated condition. The polarisation 
tests are performed under standard conditions in 5M NH^slOg at 75 °C .
1 mVs“1, 53 rpm, and non-deaerated. The reproducibility for any alloy in 
these tests is typically within a 20 mV scatter. Results for each elemental 
set of Impurities plus the base is shown in Figures 3 .6  to 3 .10.
The schematic in Figure 3 .5  will be used to discuss these results, with 
the respective parameters for each alloy summarised in Figure 3. 11. As 
discussed in section 3. 4 the parameters shown in Figure 3 .5  are identified 
as possible interesting features, and do not necessarily relate to any specific
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Figure 3 .6  Potentiodynamic polarisation scans for the
phosphorus series of alloys and the base alloy 
(segregated).
stress corrosion behaviour. However, analysis may indicate their behaviour 
relates to some IGSCC properties. These data are not analysed on the 
criteria established by Parkins, which as discussed before are not applicable 
here.
An initial scan through Figures 3 .6  to 3 .10  does not reveal any features 
that can be attributed directly to the grain boundaries. Since the current in 
the passive region is only 1 0 3  down on the peak anodic current it is 
unlikely that any contribution from the grain boundaries will be visible. There 
are some common features to all of these results which are appropriately
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Figure 3 .7  Potentiodynamic polarisation scans for the sulphur 
series of alloys and the base alloy (segregated).
discussed now. before considering the variation due to individual impurities. 
After immersion of a sample it invariably remains bright and continues to 
do so until V 1 is reached. The onset of this passivation feature coincides 
with the sample turning black. An exception to this general behaviour occurs
with the sulphur alloys, which turn black within the initial immersion period
of 1 0  minutes. For all the alloys the polarisation curves show a very similar 
current drop to V 1 but the subsequent rise to V 2  varies. Hence, in 
Figure 3. 11. the potential difference (Vg-V.,) is plotted. Other features are 
broadly similar V3. V4  etc. with the current minima i 2  usually occurring
around 1200 mV. Each impurity group is now discussed.
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Figure 3 .8  Potentiodynamic polarisation scans for the tin 
series of alloys and the base alloy (segregated).
Phosphorus
From Figure 3 . 11 ,  phosphorus on average appears to shift the various 
parameters away from the base values more than the other Impurities. This
reflects the generally known detrimental effect of phosphorus. The parameters
most affected are Vr  V3  and i2. At V 1 and V 3  phosphorus delays passivation 
by an anodic shift in these values. For V 3  the shift is over 100 mV. The
increase in i2  Is very marked in comparison with the other impurities, and
is similar in type to that shown by Kupper et a l84. It is also noted that in 
agreement with Kupper et al, the free corrosion potential becomes more 
negative with with increasing phosphorus concentration.
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Sulphur
There is little effect due to sulphur on any of the parameters except 
where sulphur shifts It cathodically by 70 mV. This shift Is Identical for all 
three concentration levels. The free corrosion potential behaviour on 
Immersion shows the largest anodic shift of any of the impurities of 30 mV, 
with the samples turning black within this initial 1 0  minute period.
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Figure 3 .9  Potentiodynamic polarisation scans for the copper
series of alloys and the base alloy (segregated).
Tin
Little change is observed with the addition of tin. except for the high
addition around the V |  parameter. Here the depth and width of this feature
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are considerably enhanced. Tin is the impurity to least affect the behaviour 
of the free corrosion potential on immersion.
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Figure 3 . 10  Potentiodynamic polarisation scans for the nickel 
series of alloys and the base alloy (segregated).
Copper
For copper the appearance of the V 1 feature is not observed for any of 
the alloys. This may be connected to the known influence of copper on 
magnetite formation. The results are little changed in other respects.
Nickel
Nickel does not significantly influence the behaviour of any of the 
parameters, or the behaviour on immersion.
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Figure 3. 11 Summary of the parameters defined In Figure 3 .5  
for all the 16 alloys. The error bar shown in each 
figure is an average, and is typical for all the 
alloys. The B. L. M and H refer to the concentration 
level given in Table 2 .3 .
These results are now considered to see if regions of IGSCC susceptibility 
can be predicted. Since the polarisation technique measures a bulk response 
and no features can be directly attributed to the grain boundaries, it is not 
possible to make a straightforward interpretation of the data. A comparison 
of the electrochemical response of the base alloy with those of the impurity 
added alloys, is a useful indicator of the likely trends in IGSCC behaviour. 
The added impurities will segregate to the grain boundaries during the 
segregation treatment and will form an enriched layer there. This region is 
therefore likely to have properties similar to that of a very high impurity alloy.
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Thus, we may divide the electrochemical response for a typical service alloy 
into two parts; that of the passive bulk which can be represented by the low 
concentration alloys used here, and that of the active intergranular crack 
path whose response may be indicated by the high concentration alloys. A 
divergence between the results for the base and for the impurity added alloys 
may be expected to indicate a strong effect for SCC. For SCC the base or 
bulk must be passive but the crack path or impurity alloy should be active. 
This difference occurs In the potential regions of V 1 and Vg. If the 
phosphorus alloys are considered, the observed increase In V 1 and V g with 
phosphorus concentration may be interpreted. From the analysis above, the 
increasing trend In Vg with concentration indicates that at potentials just 
above Vg the grain boundaries will still be active, as shown In Figure 3. 11. 
but the bulk would be passivated. These are the precise conditions required 
for IGSCC. To check the validity of this method of prediction the phosphorus 
alloys will be tested initially, since the strongest effect is expected from this 
impurity. A potential of 660 mV. 75 mV above the highest V g is selected 
for the stress corrosion measurements of the phosphorus alloys. The plot 
of Vg in Figure 3.11 also shows that if Sn and Ni are significantly 
segregated some influence in the SCC behaviour may also be expected, if 
an effect for phosphorus is detected in the SCC measurements. Similar 
analysis for Cu and S indicates no effect can be anticipated. For V r  
this analysis, based on the correct identification of the active-passive 
transition, is not so straightforward, since the base alloy response returns 
to activity following its V r  before V 1 occurs for the phosphorus alloys. It 
is not clear how this behaviour may relate to the IGSCC susceptibility. To 
resolve this, experiments to establish the IGSCC susceptibility should initially 
be conducted around V 1 and assessed in the light of the results obtained. 
The investigation will then be extended to the other alloys based on these 
results.
Summarising, the polarisation technique is used to identify possible 
regions of susceptibility to IGSCC. The clear identification of the 
active-passive transition (Vg) aids the prediction of the critical potentials for 
IGSCC. The appearance of the passivation feature at V 1 Is not generally 
noted for nitrate solutions. Although, this feature is shown in Figure 1 . 6 14- 
for ammonium nitrate, but in contrast, the results presented here show 
a much sharper feature.
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3. 6 Effect of Temperature
High temperatures increase the aggressiveness of the solution, as 
discussed In section 1 . 2 .6 .  For the majority of tests 75 °C Is selected, 
combining strong attack with experimental ease. In Figure 1 .6 1 1  the 
electrochemical response is shown to vary considerably between 25 and 
100 °C , particularly in the region of the main anodic peak. At 25 °C the 
second large anodic peak following V 1 does not occur, this bulk passivity 
may indicate a potential region of IGSCC susceptibility different to that at 
75 °C. To establish this, potentiodynamic polarisation tests are conducted 
at 25 and 100 °C . The other experimental conditions are as before; 
ie 1 mVs“1, 53 rpms and non-deaerated.
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Figure 3 . 12  Potentiodynamic polarisation scans at 100 °C for 
the base and phosphorus alloys.
The polarisation scans for the base and phosphorus alloys are shown in 
Figure 3 .12  for 100 °C.  This shows the loss of V 1 and an enlarged anodic 
peak, with little alloy dependence. This, coupled with the observed increase
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in bulk corrosion, indicates that the occurrence of IGSCC may be restricted 
to a smaller potential range, compared to that at 75 °C . Stress corrosion 
tests at 100 °C are therefore not expected to reveal any new potential 
regions of IGSCC susceptibility than that at 75 °C . it is more likely that the 
potential range will be diminished.
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Figure 3 . 13  Potentiodynamic polarisation scans at 25 °C  for the 
base and phosphorus alloys.
Polarisation scans for the base and phosphorus alloys at 25 °C are shown 
in Figure 3 .13 .  The response is clearly different to that at 75 °C , the 
second anodic peak following V 1 Is absent and confirms the measurements 
of Flis14- . Following the major active-passive transition there are three 
arrows marked, they indicate potentials suitable for future stress corrosion 
analysis based on the criteria developed above for identifying IGSCC. The 
loss of the second anodic peak is particularly significant. Since, the 
influence of carbon is particularly dramatic In this system, the loss of current 
in this potential region may correspond to a reduction in the influence of
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carbon, the effect of the Impurities may then be relatively amplified.
3 .7  Conclusions
The potentiodynamic polarisation technique successfully demonstrates the 
relative importance of various critical experimental parameters. Results 
indicate that rotation, which may be interpreted in terms of electrolyte flow 
rate, appears to have no influence on corrosion rates. The effect of 
deaeration is only minimal, and is unlikely to modify the stress corrosion 
behaviour significantly. Both of these results reflect the highly concentrated 
electrolyte used in these tests. The ready supply and high concentration of 
corrosive ions in the bulk solution make transport effects and the influence 
of dissolved oxygen of minor importance.
The temperature of the corrosive environment should be controlled within
±1 °C for good reproducibility, however the polarisation data only indicate 
markedly different behaviour between 25 and 75 °C , with a little further 
change towards TOO °C . This Indicates that besides the main thrust of the 
stress corrosion work at 75 °C , some work at 25 °C should definitely be 
carried out.
The most influential parameter, that of potential, is now considered. The 
method pioneered by Parkins for predicting IGSCC susceptibility by varying 
the sweep rate in potentiodynamic polarisation is shown to be ineffective in 
this ammonium nitrate solution. The prerequisite of cathodic charging to 
remove the air oxide, a necessity for fast polarisation sweeps, is not possible 
in the presence of the ammonium ion, and so prevents the successful use 
of this technique. However, using slow polarisation sweeps the identification 
of the passive regions are possible and facilitates a prediction close to that, 
that would be obtainable by a successful application of Parkins' technique. 
Furthermore, an extrapolation of the bulk behaviour with increasing impurity 
concentration provides a useful guide to the likely behaviour of grain 
boundaries. These two observations provide a basis to predict potential 
regions of IGSCC susceptibility. The regions so identified are (i) around V r  
and here a potential of -1 0  mV is selected for an initial trial, (ii) above 
V3  at 660 mV, and (iii) above V 4  at 1100 mV in the true passive region.
In addition, tests at 0 .100 and 200 mV should be carried out at 25 °C to
establish the behaviour there. Initially the work will concentrate on the
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phosphorus alloys, sine© any intergranular effect will be greater with this 
impurity, the work will then be subsequently broadened to include all the 
impurity alloys.
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Chapter 4
STRESS CORROSION IN AMMONIUM NITRATE
INTRODUCTION
The behaviour in a constant strain rate test in hot ammonium nitrate is 
established over a wide potential range for all of the 16 alloys. Tests are 
carried out in the regions predicted from the polarisation measurements and 
are found to correspond to severe intergranular stress corrosion cracking. 
However, only at very high potentials are any impurity effects noted. Further 
electrochemical studies, which include the scratch electrode test, indicate 
the potential range from the free corrosion potential (E c) to -1 0 0  mV as a 
possible region of susceptibility. Stress corrosion tests confirm this, revealing 
a detrimental effect due to phosphorus around -200  mV. At 25 °C  the 
behaviour is unchanged from 75 °C . The desegregated and segregated 
alloy's behaviour are similar at -200  mV.
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4 .1  Experimental Technique
The stress corrosion behaviour is assessed using the constant strain rate 
(CSR) technique. A small tensile machine, purchased from Newcastle 
University to Professor Parkins' design, is used and is shown in Figure 4.1.  
A drive and gearbox produce constant beam deflection rates which allow the 
strain rate to be varied from 1 0 - 8  to 1 0 - 4  sec-1. The specimen is fixed at 
one end to the drive frame and mounted inside an environmental cell, and 
at the other end to the static frame via a load cell.
jS l
Load cell
Driven
Frame
Environmental
cell
Specimen
Drive and 
gearboxrS
Figure 4 .1  Schematic of the constant strain rate device.
The environmental cell Is shown In more detail in Figure 4 .2 .  It is 
constructed from PTFE. in a similar fashion to the polarisation cell, and in 
addition includes a 5 litre PTFE reservoir. The hot solution is pumped 
through the cell at approximately 1 litre per minute. The specimen is shown 
in Figure 4 .3 .  Within the cell, the sample gauge length is almost completely
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surrounded by a platinum counter electrode. Through a gap in the counter 
electrode a Luggin capillary is used to connect to a separate compartment 
containing the reference electrode. The reference electrode is Identical to 
that described in section 3.1 .
Out
Platinium
counter
electrode
❖
Reference
electrode
PTFE cell
In
5M NH4  N03  
75°C
Figure 4 .2  Schematic of the environmental cell used in the 
constant strain rate machines.
•100
Figure 4. 3 Schematic of constant strain rate specimen. 
(Dimensions = mm.)
The tests are conducted with either 5M N H ^ O g  or an inert environment
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of paraffin, both maintained at 75 °C . As before ait the potentiais are 
referred to the standard hydrogen potential (SHE) at 25 °C . The applied 
strain rate is in a range that does not affect the relative time to failure and 
is varied between 0 .5  and 1 x TO” 6  sec”1. Samples are painted with an 
epoxy paint leaving only the central part of the gauge length exposed. The 
samples are then immersed at the test potential; the current would generally 
take 4 hours to fall to a low steady value for all of the potentials tested. 
After this settling in period, straining of the sample commences. This 
behaviour is shown in Figure 4 .4 .  Following the specimen failure, the 
cracking mode is checked for intergranularity by either cross sectioning and 
polishing, or SEM analysis.
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0 12 168 20 28 32
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Figure 4 .4  Current and mechanical properties in a constant 
strain rate test for the high phosphorus alloy at 
-2 0 0  mV in 5M NH 4 N 0 3  at 75 °C . strain rate = 
lO ^ s ”1.
4 .2  Constant Strain Rate Results in Paraffin
To assess the severity of a corrosive environment following a constant 
strain rate test, it is usual to take the "time to failure". This is easily 
determined from a continuous recording of the response from a load cell; 
and corresponds with other failure parameters, for instance the percentage 
reduction in area (%  R A) . The failure time in any test will reflect both the 
mechanical and corrosive properties during a test, it is possible to normalise 
the results, removing any variation due to mechanical properties by ratioing
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the time to failure in the corrosive environment to that observed in an inert 
environment to produce a relative time to failure. Here, paraffin is used. 
The mechanical properties established in this manner are given in 
Table 4 .1 .  These are recorded at a strain rate of 4 .5  x 10 “ 7  s “ 1 (Most
of the later SCC tests are conducted at a different strain rate of 10~% "1,
where this is the case the relative times to failure are corrected for this 
difference. The time to failure (T ,) and reduction in area (RA) are also 
given, where RA = (Initial Area -  Final Area) /  Initial Area. Results are 
for the steels in the segregated condition, ie a final heat treatment of 
500 °C for 48 hours.
The results show that all the alloys are very similar except for those 
containing tin. The HSn alloy is stronger than the average by approximately 
2 0 %. and is accompanied by an equivalent decrease in the time to failure, 
with RA virtually unaltered. All these results are used in the future display 
of the stress corrosion data.
4 .3  SCC at Predicted Potentials
Here we initially consider the phosphorus alloys in the segregated 
condition and only in the potential regimes predicted by the polarisation 
work, of -1 0 , 660 and 1100 mV. The phosphorus alloys are considered first 
since any enhanced intergranular effect above that of the base alloy is more 
likely to be observed than with the other alloys. The results are shown in 
Figure 4 .5 .  An alternative popular way of displaying the results uses the 
relative work of fracture. This is the ratio of the areas under the load-time  
curves for the IGSCC measurements recorded in the aggressive environment 
to the measurements recorded in the inert environment of paraffin. This 
method did not improve the sensitivity in distinguishing between the behaviour 
of each of the different alloys, and therefore this method will not be used.
These relative time to failure results clearly show how aggressive the 
NH4 N0 3  solution is compared to the inert environment. This is substantiated 
by the very small reduction in area for ail the results, with no visible necking 
of the specimens occurring except for the base alloy at 1100 mV. The 
predicted potential values for IGSCC susceptibility from the polarisation 
measurements are confirmed, in that severe intergranular cracking occurs 
under the action of stress. At -1 0  and 660 mV there are no phosphorus
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Table 4.1
Yield strength (ay), ultimate tensile strength 
(UTS), time to failure (Tf) and percentage reduction 
in area (PA) from tests in paraffin at 75 °C and
strain rate = 4.5 x 10 7s 1
Steel Type ay UTS Tf RA
MPa MPa Sec %
(xio3)
B 179 409 678.5 6 8 . 6
LP 193 399 638.3 69.1
MP 232 419 625.3 70.4
HP 191 413 630.0 67.0
LS 177 380 662.0 72.7
MS 159 376 709.8 71.2
HS 164 384 688.0 67.2
LSn 161 407 662.0 68.2
MSn 245 429 612.1 69.1
HSn 258 498 563.0 65.3
LCU 172 406 634.3 68.2
MCU 175 401 614.2 65.3
HCU 207 396 619.7 69.1
UX± 180 408 632.0 71.6
MNi 226 408 617.6 71.6
HNi 196 405 632.0 69.1
The code for steel type, is taken from Table 2.3.
dependencies, the base and high phosphorus alloy failing in equally short 
times. Since it has been shown previously that carbon is responsible for 
inducing susceptibility in steels” "24, the relative Tf Is seen here to be 
dominated by the presence of carbon in the material. At 1100 mV the results 
reveal that the base alloy fails in a semi-ductile mode, indicating that any
Chapter 4. 3 p i 22
20
•  -10 mV 
a  660mV 
■ 1100mV
10
cr *♦“
0 , 0.050-0250
Phosphorus c o n c e n tra tio n /w t •/•
Figure 4 .5  The relative time to failure of the base and 
phosphorus alloys at -1 0 . 660 and 1100 mV in 5M 
NH4 N 0 3  at 75 °C . strain rate = 4 .5  x 10“ 7  s“ 1
IGSCC susceptibility due to the presence of carbon is lost. However, now 
the addition of phosphorus appears to be markedly detrimental, significantly 
reducing the relative Tf compared to that of the pure base, ie phosphorus 
is solely responsible for inducing IGSCC susceptibility.
The results taken at -1 0  and 660 mV reveal severe stress corrosion 
cracking, and confirm the predictions from the polarisation work. However, 
they do not reveal any marked dependence on the added phosphorus 
impurity, only at much higher potentials around 1100 mV is any dependence 
observed. Cracking at 1100 mV is not dominated by Intergranular corrosion 
as might be expected. This is verified by the few secondary intergranular 
cracks that are observed, and. that there are less of these cracks both at 
1100 and 660 mV than there are at -1 0  mV. Before considering the influence 
of the other impurities, which will probably be less significant than 
phosphorus, the effect of temperature is characterised to establish whether 
there is an effect of phosphorus at low potentials.
Chapter 4. 3 p123
4 .4  Results at 25 °C
The polarisation work in section 3 . 6  at 25 °C showed that the second 
part of the anodic peak (noted In Figure 3 . 5 .  following V.,) Is absent. It 
was speculated in section 3 .6  that in this potential region IGSCC 
susceptibility may occur. This diminished part of the anodic peak, whose 
presence is wholly due to carbon (Figure 1. 1314) in the 75 °C results, may 
indicate a shift in the relative importance between the effects of carbon and 
phosphorus on IGSCC. Thus, it is possible that phosphorus is more important
at determining the cracking susceptibility at 25 than at 75 °C .
Constant strain rate tests at 0 .100  and 200 mV. indicated by the arrows 
marked on Figure 3 . 13 ,  for the middle phosphorus alloy reveal the following. 
At 100 and 200 mV the specimen failure is by general corrosion. However,
at 0 mV failure is by IGSCC. The relative T f is 55%. but is accompanied
by a significant amount of general corrosion. The results indicate a very 
similar behaviour to that at 75 °C . The loss of the second anodic peak in 
the polarisation scans does not relate to any significantly different behaviour 
in the stress corrosion test. The studies that follow therefore focus on a 
temperature of 75 °C
Of the impurities in this study, phosphorus probably has the strongest 
influence on the IGSCC properties of this material. However, since no strong 
effect for phosphorus has been noted at the low potentials of - 1 0  and 
660 mV. which are likely to be industrially important, we shall shift our focus 
from the effect of the other impurities at -1 0 , 660 and 1100 mV to the range 
of free corrosion potentials achieved by this material in 5M NHJMO^ This 
will now be studied in detail for all the impurity alloys.
4 .5  Electrochemical Properties above Ec
In section 4 .3  the IGSCC behaviour is established in specific potential 
regimes where passivity is observed in the polarisation scan. Only at 
potentials around 1100 mV is the cracking susceptibility critically dependent 
on the phosphorus concentration. This very high potential is unlikely to be 
encountered in normal service conditions, and the potential range from 
to Vr  shown on Figure 3. 5. is how investigated more closely to establish 
if there are any impurity effects in the IGSCC properties.
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Figure 4 . 6  Free corrosion and pH response of mild steel on 
Immersion in 5M NH4 N0 3  at 75 °G.
On immersion of mild steel into 5M NH^VI03  at 75 °C both the potential
and pH rise as shown In Figure 4. 6 . This slow rise In potential to around 
V1 indicates that IGSCC may be possible within this potential region. The 
polarisation curves shown in Figures 3 .6  to 3 . 10 ,  however, indicate that 
in this potential region samples are still active. To establish the behaviour 
on immersion in this potential region more precisely, a scratch electrode 
experiment is conducted.
4.5.  1 Experimental arrangement of scratch electrode apparatus
The experimental arrangement is shown in Figure 4 .7 .  The sample is 
a 14 x 3 mm disc coated with two layers, an undercoat of Canada balsam 
and a top coat of black enamel paint. An insulating covering is necessary 
to reduce background currents, ensuring the current pulse formed by
scratching is easily detected against a low background. A natural oxide does 
not give these characteristics. A coating of paint alone is found to be
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insufficient. This occurs because its porous nature causes high leakage 
currents and. furthermore, paint delamination occurs in the form of large 
flakes when the specimen is scratched. A coating of Canada balsam resin 
is found to be satisfactory with respect to scratching, leaving a well 
characterised groove. However, at the test temperature of 75 °C the balsam 
softens sufficiently to adhere to the specimen holder. To overcome this the 
balsam is coated with black enamel paint. The specimen with a similarly 
insulated wire spot welded to it, is placed in a recessed PTFE holder. A 
Luggin capillary with a double junction reference electrode, described in 
section 3 . 1 ,  is mounted above the specimen, along with a platinum counter 
electrode. The scratch is made by a hand held diamond tipped scribe. Such 
scratches, of area 0 .307 mm 2  ± 20%. are 11.6  ± 1. 2 mm long and 20 Atm 
wide with a groove angle of 92° .  The beaker is mounted on a hot plate with 
a magnetic stirrer.
Reference electrode
Diamond tip scribe
Platinum counter electrodeW.E r
Sample
PTFE
holder-
Stirrer
Figure 4 .7  Experimental arrangement of scratch electrode 
test.
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4. 5 .2  Scratch electrode results
Results from the base and phosphorus alloys unfortunately reveal no alloy 
dependence, hence an average Is shown in Figure 4 .8  for four potentials. 
The dependence of the peak in the current as a function of time shows an 
approximate increase of an order of magnitude with each increment of test 
potential. The dashed line from the peak of -100  mV at 450 mAcm“2. 
indicates a current instability In this region. This current response is 
observed to rise through a maximum, accompanied by large oscillations, and 
then eventually to stabilize at zero after 2 hours. This is verified by the 
similar current response for tensile specimens on immersion. A similar 
tendency is observed at -200  mV after a few minutes, but the extent is very 
limited in comparison to -100  mV. The peak shapes for -3 0 0 . -200  and 
660 mV are broadly similar, with a sharp decay after the maximum; and then 
a more gradual decay of about t"0-6, which approximately corresponds to 
parabolic film growth. The current response at 660 mV is comprised of two 
peaks, a smaller one on the rising shoulder of the main peak, with a rise 
time of 80 msec to 3000 mAcm"2.
4 . 5 . 3  Discussion of scratch electrode results
These results indicate that stress corrosion is possible in the potential 
region above Ec to V r  since rapid filming does occur, which is probably 
sufficient to protect the crack walls. The high anodic currents confirm that 
cracking is basically by dissolution. The absence of current decay at 
- 1 0 0  mV does not necessarily indicate that the sample is undergoing 
dissolution at this high rate, but more probably a semi-passive film is 
unstable. This behaviour is noted by Szklarska-Smialowska29. who attributes 
these current oscillations in this potential region to a loosely adherent film 
forming and breaking down repeatedly, as discussed in section 1 . 2 . 1 . 1 .
These scratch electrode results are now compared with the 
potentiodynamic polarisation results. We are interested here with the current 
at specific potentials. At 660 mV the potentiodynamic polarisation results 
indicate the material is in a relatively passive state, with a current of a few 
m A/cm 2. The scratch electrode response at the same potential is compatible 
with the potentiodynamic result; there is initially, of course, a high current 
pulse during and immediately after the scratch but, following the current 
decay, a residual current of a similar value to the potentiodynamic value is
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Figure 4 .8  Current response in a scratch electrode test in 5M 
NH4 N 0 3  at 75 °C.
observed. The two techniques thus indicate a similar SCC behaviour at 
660 mV. In the potential range from -300  to -100  mV the current behaviour 
in the two separate techniques indicate different SCC behaviour. In the 
potentiodynamic polarisation test, there are no indications of filming and 
passivation in this potential range, and hence SCC would not be expected. 
However, the scratch electrode results show after an initial current pulse, 
the magnitude of which is similar to the indicated current in the 
potentiodynamic test for identical potentials, a rapid current decay that shows 
filming is occurring. Thus the scratch electrode test reveals the possibility 
of SCC from -300  to -100  mV, whereas the potentiodynamic polarisation test 
gives no indication of this possibility.
The different current behaviour in the scratch electrode test and In the
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potentiodynamic polarisation test produces a conflict in the prediction of the 
SCC susceptibility which should be resolved in favour in one of these 
investigative techniques. Since we are concerned with the current behaviour 
on the exposure of bare metal, such as occurs at the crack tip. it is the 
scratch electrode test that is the more appropriate technique in this
electrolyte. This is especially the case. when, as in the NHJsl03  electrolyte, 
it is not possible to reduce the air formed oxide.
Although the scratch electrode test can be used for predicting the 
potential regions of SCC susceptibility, for a general application of this
technique the particular rates of current decay conducive to SCC must be
identified. Thus, in general, the variation of sweep rate in the
potentiodynamic polarisation technique may be the best general method for 
identifying the critical regions for SCC susceptibility, and as we shall see 
later works very successfully in a sodium carbonate/bicarbonate solution. 
The scratch electrode technique is thus shown to be a useful adjunct that 
is both complementary to and possibly more sensitive than the 
potentiodynamic technique.
As mentioned before, no impurity dependence is observed In the different 
alloy responses. However, scratch electrode experiments carried out on 
simulated grain boundary material may characterise the impurity dependency, 
indicating possible differences in dissolution behaviour between materials 
which would in turn reflect on crack propagation rates. Unfortunately, 
insufficient resources allow this idea to be assessed. The stress corrosion 
test will now be carried out at -3 0 0 . -200  and -100  mV to assess the 
impurity influence.
4 .6  Constant Strain Rate Results above Ec
4.6.  1 Results
The constant strain rate results from the region of -300  to -100  mV will 
be considered in some detail, since from the free corrosion potential 
response on immersion this is the most likely range to occur naturally and, 
consequently is. important from an industrial viewpoint. Results are given 
in Figures 4 .9  to 4 . 13  for the segregated alloys. The B. L, M, H as before 
refer to the impurity level, given in Table 2 .3 .  The results show that only 
phosphorus is detrimental, with the greatest susceptibility occurring between
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-250  and -150  mV. The relative Tf decreases with increasing phosphorus 
concentration. For the HP alloy the relative Tf is reduced to 60% that of 
the base value. For the other alloys, all the impurities at every 
concentration appear beneficial, the relative Tf is always in excess of that 
of the base alloy. The errors are typically ±3%. For the other alloys the 
tendency is for the middle impurity alloy in each case to have the highest 
relative Tf. This is a desirable characteristic, since this composition reflects 
typical residual levels in steels. Of the impurities copper appears to be the 
most beneficial.
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Figure 4. 9 Relative time to failure In 5M N H ^ O g  at 75 °C for 
the segregated phosphorus alloys, strain rate =
10“V 1
Before discussing the relative Tf results, other aspects of the stress
corrosion failure are considered, the form of the stress-strain curve, the
current behaviour on immersion and the specimens final structure are
Investigated.
Initially, the current behaviour on immersion is analysed, this is the 
period before the load is applied. Three parameters are considered, the total 
charge flow, the maximum current during this period, and the time for the
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Figure 4 . 10  Relative time to failure In 5M NH^M03  at 75 °C for 
the segregated sulphur alloys, strain rate = lCf^s- 1
current to decay to zero. For every alloy the total charge during passivation 
for each potential is similar; except for the phosphorus ones, where it 
increases with concentration (the charge flow for the HP alloy being twice 
that of the average). For all the alloys the total charge flow increases only 
slightly between -300  and -200  mV, and then doubles at -100  mV. This 
increasing charge flow with potential may be expected to be inversely related 
to a reduction in the final gauge diameter. However, this is not observed. 
This indicates, that not all of the current Is used in corrosion but, as 
mentioned previously. is probably consumed in continual 
passivation/dissolution of an unstable film. However, the final gauge diameter 
does slightly decrease with the addition of impurities and this is greatest for 
the phosphorus doped alloys. The maximum current Is now considered and 
this is observed to increase with potential. At -100  mV the maximum current 
for ail of the impurity alloys exceeds that of the base; but at -300  and 
-200  mV this is reversed for Sn, Cu and Ni. For the sulphur alloys the 
values are similar to that of the base, and for the phosphorus alloys the 
current values are always higher. The current decay time (time for the
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current to reach zero) is now considered, and this is similar for all the alloys 
at all three test potential values except for the phosphorus alloys. For the 
HP alloy the current decay time always exceeds that of the other alloys. 
These three sets of results are now summarised. We note that there is an 
impurity dependence In the bulk corrosion properties and that the impurities 
can be ranked regarding their severity towards corrosion. The base appears 
to have the highest immunity followed closely, and equally, by the metallic 
Impurities Sn, Cu and Ni; sulphur appears slightly more detrimental; but 
phosphorus is by far the most adverse impurity affecting the 
corrosion/passivation properties.
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Figure 4. n  Relative time to failure In 5M NH^vlOg at 75 °C for 
the segregated tin alloys, strain rate = lO ^ s - 1
Analysis of the samples comprises a measurement of the reduction In area 
(RA) ,  an evaluation of the fracture face, and a measurement of the 
secondary cracks along the gauge length. The RA reveals a very similar 
dependence to the Tf results, and is consequently not considered any 
further. The fracture face is considered next. This Is analysed by SEM but 
is not easy since for all the alloys the surface is obscured by oxide products 
from the prolonged corrosion. However, it is possible to distinguish the level
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of attack for each impurity alloy. The base, Sn, Cu and Ni are the least 
attacked, followed by the phosphorus alloys, and finally by the sulphur where 
no intergranular facets are visible. The secondary cracks are considered 
next. Metallography along the gauge length reveals the number of cracks, 
their length and tendency to branch. For the base, Sn, Cu and Ni alloys 
there are a number of secondary cracks which readily branch. For sulphur 
there are fewer secondary cracks which, additionally, penetrate a 
comparltlvely short distance. The phosphorus alloys reveal a similar number 
of cracks to the sulphur alloys, but now the penetration is the greatest for 
any impurity and less branching occurs. The phosphorus alloys' cracks also 
appear to have the best shape for propagation, with a wide mouth slowly 
narrowing to a point. For the sulphur alloys the fewer secondary cracks and 
their short penetration indicate a mechanism that retards crack growth. The 
badly corroded fracture face indicates that passivity is not easily attained. 
This behaviour may easily result in any crack being blunted or stifled by 
corrosion products and retard crack propagation. The tendency of cracks 
to branch will interfere with the propagation of the main crack by tending 
to shed the load. For the phosphorus alloys the secondary cracking indicates 
better conditions for propagation of the main crack, ie less branching. For 
the deep penetration of cracks, a lack of passivation (as observed in the 
bulk corrosion characteristics) at the crack tip must be balanced by some 
improved passivating mechanism for the crack walls within the crack 
environment to cause the observed mode of cracking. Thus, the results for 
all the alloys reveal a more complex situation compared to the bulk corrosion 
characteristics. For the bulk corrosion properties, a reduction in passivation 
rate is observed from the base through the Sn. Cu, Ni, S and P alloys. 
This hierarchy can be assimilated into another ranking regarding the 
impurities propensity to induce secondary crack propagation. The base. Sn, 
Gu and Ni alloys all have very similar secondary crack behaviour. For the 
sulphur alloys the reduction In bulk passivation straightforwardly leads firstly 
to fewer secondary cracks, since pitting may competitively occur with crack 
initiation, and secondly for propagating cracks this trend in behaviour will 
lead to crack blunting. The greater reduction in passivation for the 
phosphorus alloys leads to few secondary cracks in a similar manner to the 
sulphur alloys; however, for a propagating crack, blunting does not occur. 
Hence within the micro-environment of a crack there must be an additional 
effect which improves crack wall passivation but. at the same time, does 
not affect the reduction in passivation rate at the crack tip and so leads to
Chapter 4. 6 p133
an enhanced crack propagation.
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Figure 4 . 12  Relative time to failure In 5M NH^slOg at 75 °C for 
the segregated copper alloys, strain rate = ;KF6 s’ 1
The final set of data that are considered are taken from the stress strain
curve. All the results indicate that cracking does not start below the yield
point, but either at this point or very close to it. Hence, a measure of the
crack initiation stress reveals no impurity dependence in the IGSCC
susceptibility. The ioad-time response is considered next. The saw tooth or 
"serration" behaviour of the load following the yield point is investigated. This 
behaviour may reflect a periodic nature in the mode of crack propagation. 
However, before considering periodic crack propagation in detail, we note 
the possible effect of high dissolution currents as indicated by the scratch 
electrode results in Figure 4 .8 .  There is a range in the total charge flow 
between each test potential ( -3 0 0 , -2 0 0 , -100  mV) In excess of three
orders of magnitude, which does not correspond to a variation in the relative 
Tf of a factor of five. This implies the high current densities observed in 
the scratch test cannot be maintained in the crack environment. This could 
be for two reasons: (1 ) The high dissolution rate significantly exceeds the 
applied bulk strain rate, and consequently crack propagation is continually
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Figure 4 . 13  Relative time to failure in 5M NH^vlOg at 75 °C  for 
the segregated nickel alloys, strain rate = 1 0 ~%“V
limited by a low strain/stress field at the crack tip. (2 ) Such high dissolution 
rates are not sustainable within a crack due to mass transport limitations 
of reaction species to and from the tip. Thus, the available dissolution rate 
is probably lower than that anticipated from the bulk electrochemical 
measurements. This may lead to the tip being periodically covered with a 
protective oxide, retarding crack propagation. This may easily occur at the 
crack tip since, following rapid dissolution of this high stress region, filming 
can occur as the stress dissipates and the increased concentration of 
reaction products prevents further attack. A new cycle of attack only begins 
when the electrochemical conditions are suitable and the stress has built up 
to rupture the oxide. Thus mass transport effects can contlbute to the 
occurrence of periodic crack advance. It Is therefore likely that crack 
advance is irregular, indeed it is highly unlikely that there is a perfect 
balance between the various actions to give a smooth continuous crack 
advance. We may argue that a similar rupture and passivation cycle arises 
from action ( 1 ) above. We therefore consider the following data in terms 
of periodic crack advance, which does show an impurity dependence. The
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impurity dependence is considered to occur by influencing the crack shape, 
on the basis established above of variations in the corrosion properties with 
the different alloys.
To discuss periodic crack advance two parameters are defined, the
"frequency" and "drop". The frequency Is simply the rate at which each saw
tooth event occurs. The drop is the sharp fall in load during each cycle.
An average measurement Is recorded for each parameter and is taken from
the rising load between 85 and 95% of the maximum load. An alloy
dependence is observed. The Sn, Cu and Ni alloys behave similarly, with
the frequency lower than the base alloy, but the drop larger. For the sulphur
alloys this divergence from the base alloy is slightly increased, especially
for the drop. The phosphorus alloys' frequency behaviour is similar to that
*
of the base alloy, but the drops are significantly less. The general behaviour 
of all the alloys shows that the frequency slowly increases with potential 
( -3 0 0  to -100  mV) from approximately 4 to 7 cycles per hour for the base,
and that the drops fall by a factor of five over the same range.
This serration behaviour can be related to the processes of oxide rupture 
resulting from the build up of stress at the tip. Thus, a blunt crack with 
a low stress concentrating action will take longer to accumulate the required 
stress for rupture of the oxide. Consequently the frequency will fall, but the 
drop will increase since there is more stored energy available during the 
rupture event. The opposite will be the case for a sharper crack. For Sn. 
Cu and Ni the frequency is lower and drop larger when compared to the 
base, and so the crack is envisaged as being blunter. This is compatible 
with a lower rate of passivation, as noted previously for the bulk properties. 
For the sulphur alloys these differences of frequency and drop are
accentuated relative to the base alloy. The even lower number of secondary 
cracks, their shortness and the greater corrosion on the fracture face 
substantiating this point. For the phosphorus alloys the lower drop and
similar frequency may indicate sharper cracking than the base. However, 
the phosphorus alloys suffered greater corrosion than the base alloy, and 
the observed reduction in the drop is in line with the reduction in total load 
for similar UTS values. Although, if some of the reduction in drop is due 
to sharper cracking, this could only be achieved through improved 
passivation of the crack walls, and less interference from secondary cracks 
along the main crack.
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4 . 6 . 2  Discussion of the SCC Measurements above Ec
The relative Tf measurements clearly show that phosphorus is detrimental 
around -200  mV. and that sulphur, tin, copper and nickel are always 
beneficial when compared to the base alloy. These results are summarised 
on Figure 4. 14 for all the impurities at -200  mV. where the divergence In 
behaviour is greatest. These effects are clarified by examining other 
properties observed during the constant strain rate test. It is apparent that 
passivation of the base alloy is decreased by the presence of all the 
Impurities, although only marginally for Sn. Cu and Ni.and slightly more by 
sulphur,and significantly by phosphorus. The beneficial effect of Sn, Cu and 
Ni on the relative Tf suggests that a similar deterioration in the passivation 
charateristics occurs to that for bulk behaviour and consequently causes 
blunting and retards crack velocity. This prediction finds support in the 
stress-strain curve where the frequency is lower and drop larger for these 
alloys compared to the base.
70
60
o £  50
o H  ~  o a> a
~ 0  40
Qj Z  
> ^
° i
a  30
 P
Sn
20
Impurity concentration
Figure 4 . 14  Impurity Influence on the relative time to failure at 
-200  mV for the segregated alloys, strain rate =
io 'V 1
(B.L,  M.H refer to concentration levels)
All the different measurements for the sulphur alloys indicate a decrease
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in passivation, and this behaviour will tend to blunt the crack tip, and/or. 
stifle the crack. The appearance of the fracture face and the small number 
and length of the secondary cracks indicate considerable corrosion along 
the crack path, enforcing the conclusion of crack blunting. This Is 
surprising, since the estimate of grain boundary sulphur is zero (see  
Table 2 . 1 2 ) ,  and no effect might be expected. However, since the bulk 
corrosion properties are modified by the impurities, the initial grain boundary 
composition may not be critical in this system for some impurity influence 
to be observed in IGSCC.
Phosphorus is by far the most detrimental impurity regarding the relative 
Tf and the bulk corrosion/passivation characteristics. However, unlike the 
other impurities, this enhanced corrosion does not interfere with crack 
propagation via a crack blunting mechanism, ie the argument used above 
of enhanced corrosion causing crack blunting to increase the T f can no 
longer hold. Thus, the prolongation of attack observed for bulk corrosion, 
can not occur along the crack walls. As mentioned previously the secondary 
cracks narrowed gradually to a fine point, and are the longest observed of 
all the alloys. Therefore, not only does the increase in phosphorus 
segregation along the grain boundary and crack path contribute to a 
continuous line of susceptible material, but. simultaneously provides, via 
some mechanism, improved passivation of the crack walls to prevent 
blunting. The most probable mechanism is via the action of phosphates. 
Phosphates occur through the dissolution of phosphorus and. diffusing away 
from the point of dissolution improve the passivation of the crack walls. This
explanation is also consistent with the fewer secondary cracks observed.
Since at crack initiation, the crack Is very short and similar to a pit, any 
phosphates formed will be immediately diluted by the bulk solution. These 
short cracks therefore blunt and do not propagate any further, without the 
benefit of the phosphates. Only in the deep cracks can the phosphate 
concentration be maintained at a significant level. Thus an initiating crack 
in the phosphorus alloys must develop through a critical period; where it 
may be blunted, resulting in a pit.
It is also important to note that the region of greatest susceptibility, at
around -200  mV, occurs in the middle of the potential region that develops 
under natural conditions. Since the potential rises naturally to approximately 
-1 0 0  mV, the potential (IR) drop along a crack may bring the crack tip back
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into this critical region.
4 . 7  Susceptibility of the Desegregated Alloys
The material in the "desegregated" condition, as defined in 
section 2 . 2 .4 . is investigated under identical conditions to the previous 
section 4 .6 .  This material is useful to establish IGSCC dependence on the 
original grain boundary composition. Results are given in Figure 4 . 15 for 
the relative Tf at -200  mV. Normalisation is with the segregated alloys in 
paraffin, this may introduce some absolute error, but the ranking between 
different alloys should remain the same. The results again show that 
phosphorus is the only detrimental impurity, the others are marginally 
beneficial. The general corrosion properties are different between the alloys, 
again the phosphorus alloys suffering extensive general corrosion compared 
to the others. The high phosphorus alloy gauge diameter is reduced to 
approximately half the base.
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Figure 4. 15 Relative time to failure In 5M NH^NOg at 75 °C  for 
the desegregated alloys at -200  mV. strain rate 
= lO ^ s -1.
These results confirm a similar dependence to the segregated alloys, and
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support the conclusions drawn there. Thus, it is concluded that the heat 
treatment may not be too critical in IGSCC. implying that impurities need 
not initially reside at grain boundaries but accumulate at critical sites during 
the dissolution period in this aggressive environment.
4 .8  Discussion
The results clearly show that carbon steel is comparatively insensitive to 
the presence of impurities and will readily suffer IGSCC as a pure alloy. In 
fact the majority of impurities appear beneficial to stress corrosion in the 
NH4 N0 3  electrolyte. Only phosphorus increases susceptibility, and this occurs 
in two regions; from -300  to -100  mV. and above 800 mV. as summarised 
in Figure 4.16.  The material's susceptibility thus appears to be largely
intrinsic and to depend on carbon. Further additions of impurities have only 
a comparatively minor effect at typical concentrations, either beneficial or 
detrimental. Only at very high anodic potentials is phosphorus crucial to the 
propensity towards cracking. This restricts the region of interest, on the 
basis of industrial relevance, to the lower potential region, -300  to -100  mV. 
Potentials in this range are easily obtained without the aid of a potentiostat. 
as shown by the immersion test. This is in contrast to the results above the 
active/passive transition where potentials are very unlikely to occur in 
industrial practice.
The results from -3 0 0  to -100  mV indicate that S. Sn, Cu and Ni are
beneficial to IGSCC by retarding passivation. This is apparent in the general
corrosion characteristics and the serration phenomenon in the load 
response. Within the crack, the speculated slower rate of passivation will 
blunt the tip. and consequently slow the rate of crack propagation. For 
phosphorus the observed decrease in passivation rate of the bulk is not 
similarly observed in the crack environment. Here, the reaction products, 
probably phosphates, enhance passivation of the crack walls. Thus
phosphorus appears to affect cracking by two processes, (i) to decrease 
passivation at the point of dissolution and (ii) to improve passivation via 
reaction products at a point remote from active dissolution. These conflicting 
conclusions are resolved by ranking each effect depending on local 
conditions. For bulk corrosion, any reaction products are immediately 
diluted, and hence ineffective and only action (i) above is effective. Within 
the confines of a crack the reaction products do not disperse rapidly, and
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Figure 4. 16 Relative time to failure In 5M NN J \I0 3  at 75 °C  for 
the segregated phosphorus alloys, strain rate = 
lO ^ s -1.
their concentration will consequently increase and provide protection for the 
crack walls however, at the crack tip. where there is a higher surface 
concentration of phosphorus, action (I)  occurs.
The potential regions of predicted IGSCC susceptibility by potentiodynamic 
polarisation, around V 1 and above V3. are confirmed in the constant strain 
rate tests, and are shown to be the regions of maximum sensitivity. However, 
of the impurity dependencies from the polarisation results, as previously 
summarised in Figure 3. 11. only i2  is found to correspond to the IGSCC 
susceptibility in the strain rate test. This parameter's increase with 
phosphorus concentration is in keeping with the decrease in the relative Tf 
results at 1100 mV. The polarisation technique does not identify the region 
from -300  to -100  mV as a regime of IGSCC susceptibility, or even indicate 
any impurity dependence. The polarisation results also predict, that the
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potential region following the anodic peak at 25 °C should correspond to 
IGSCC susceptibility, but this however is shown to be incorrect. In 
conclusion, the potentiodynamic polarisation technique is useful at predicting 
IGSCC in the NH 4 N 0 3  electrolyte, but a lack of sensitivity around the 
corrosion potential restricts its applicability for these detailed studies.
The scratch electrode test proved successful within the constraints of the 
experiment. Such a method on simulated grain boundary material in a 
simulated crack environment would produce the best method for 
characterising crack tip behaviour. Unfortunately, this is not possible within 
the limitations of this project. However, the technique is useful in 
demonstrating the levels of anodic dissolution that occur at various 
potentials. The currents so obtained indicate very high crack velocities, 
especially above the active/passive transition. as calculated by 
equation 1.18.  which are not actually observed. This is simply resolved, 
since the dissolution current is mass transport limited and the cracking is 
periodic in nature.
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Chapter 5
ELECTROCHEMICAL CHARACTERISATION IN 
SODIUM CARBONATE/BICARBONATE
INTRODUCTION
The work is now extended to the sodium carbonate/bicarbonate electrolyte 
to test how specific the impurity effect in IGSCC is to the environment. In 
this system IGSCC is not as severe as it is with the NH J\J03  electrolyte and 
provides an appropriate alternative test solution. The experimental method 
is very similar to that used for nitrates. Initially the electrochemical behaviour 
is established using the potentiodynamic polarisation test. The results reveal 
a narrow potential region around -430  mV as a possible regime of IGSCC 
susceptibility. No impurity dependence is observed. The effect of aeration 
and specimen rotation are investigated. All the experiments are carried out 
at 75 °C.
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5 .1  Experimental Technique
The apparatus and technique for the potentiodynamic polarisation scans 
are basically similar to those described in section 3. 1 for N H ^ O ^  except
here two changes are made; one to the reference electrodes and the other
to the electrolyte used. The electrolyte is now 0 .5  M N a £ 0 3  + 1 M 
NaHC03  at 75 °C . The same electrodes are used, except now the outer 
compartment of the double junction is filled with 3 . 5M KgCOg.
On immersion of samples into the normally aerated solution, the potential 
is usually -300  mV for an intact air-oxide. The pH is 9 .0  at 75 °C . In this 
system the air formed oxide can be removed by cathodic polarisation, which 
is achieved by polarising the sample at -800  mV for 10 minutes. No sample 
dissolution occurs, in comparison with NH 4 NOg. Samples are then held in 
an open circuit condition for less than a minute before commencing an 
anodic sweep. The free corrosion potential (E ^  so measured is
-640  ± 1 0  mV for all the alloys, and compares closely to that noted in
section 1 .3  of -650  mV. The pH throughout the polarisation measurements 
remains constant at the immersion value. This is consistent with sample 
appearance, which only turns matt grey by the end of a test.
5 .2  Effect of Rotation
The effect of rotation is shown in Figure 5.1 for 0, 53 and 155 revolutions 
per minute ( rpm) .  The results confirm the measurements of Davies and 
Burnstein53. that the current maximum in the anodic peak increases with 
rotation speed. An opposite effect is noted in the passive region. These 
measurements indicate that the solution flow rate may be important in stress 
corrosion. However, in stress corrosion the narrowness of intergranular 
cracks will tend to offset such an effect.
5 .3  Effect of Aeration
The experimental arrangement and methodology of achieving deaeration 
are similar to those given in section 3.3 .  There is a difference again with 
the previous procedure, in that cathodic polarisation is carried out in this 
solution to remove the air oxide. The results are shown in Figure 5.2.  The 
behaviour in the anodic peak is unaltered by deaeration, but there is some
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Figure 5 .1  The effect of rotation on the MNI alloy in 0 . 5M 
Na2 C 0 3 / 1M NaHCOg at 75 °C , sweep rate =
ImVs-1.
effect in the passive region. Here we note two low current loops. In the 
region of IGSCC susceptibility, at the beginning of the active/passive 
transition, there is very little effect. Therefore initially the stress corrosion 
test shall be carried out in the aerated condition, in common with other 
workers.
5 .4  Effect of Sweep Rate
The results due to a variation in sweep rate are shown in Figure 5.3.  
It is clear that there is a displacement in the active/passive transition to more 
anodic potentials for the faster sweeps. This behaviour is very similar to that 
discussed in section 1 . 3 . 1 .  and coincides closely with Figure 1 .1 9 45. 
Thus, using Parkins' method2, the potential region of susceptibility can be 
predicted. From Figure 5 . 3 ,  -430  mV should give the highest susceptibility, 
the active/passive transition shifting by 30 mV. Although the current response 
in this polarisation test is markedly different in the passive region, a sample 
immersed at this potential will always be passive as characterised by the slow
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Figure 5 .2  Effect of aeration on tho HNl alloy in 0.5M
Na2 C 03/ lM  NaHCOg at 75 °C , sweep rate =
ImVs"1. rotation = 155 rpm
sweep data. For the following analysis of the alloys, data recorded at just
1 mVs” 1 are sufficient to indicate the potential to use In the stress corrosion
test. The behaviour in the fast sweep rate is already shown to exceed the 
slow rate and therefore it is unnecessary to repeat this for each impurity.
These results are in contrast to those taken in NH^sJOg, where the 
effectiveness of Parkins' approach in the sodium/bicarbonate electrolyte is 
attributed to the removal of the air formed oxide. For the NHJMOg electrolyte 
this is not possible due to the aggressive nature of the NH4* ion.
5 .5  Influence of Impurities
Results are recorded for each high impurity content alloy level of each 
impurity and the base alloys, at 1 mVs“1, 53 rpm and normal aeration 
conditions. All the results are very similar, and just the base and HP alloy 
are shown in Figure 5 .4 .  The free corrosion potential and active/passive 
transition occur in the same place for all of the alloys. For the impurity
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Figure 5 .3  Effect of sweep rate for the mni alloy in 0 . 5M
Na2 C 0 3 / 1M NaHCOg at 75 °C , rotation = 53 rpm.
alloys the current always exceeds that of the base alloy in the passive region. 
From this, and the previous sweep rate analysis the predicted potential for 
maximum sensitivity in the stress corrosion tests is -430  mV.
5 . 6  Conclusions
The polarisation measurements clearly indicate, via Parkins' method of 
varying the sweep rate, a narrow region of susceptibility around the
active/passive transition. No impurity sensitivity is noted in the results, and
a potential of -430  mV Is predicted to be the most critical for ail the alloys. 
No effect of deaeration is apparent in the critical potential region. Specimen 
rotation rate is found to be significant, and since this corresponds to solution 
flow rate in the stress corrosion tests, this parameter should be investigated 
in the following tests.
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Figure 5 .4  Potentiodynamlc polarisation scans for the HP and 
base alloys (segregated)
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Chapter 6
STRESS CORROSION IN 
SODIUM CARBONATE/BICARBONATE
INTRODUCTION
The propensity to IGSCC of the alloys Is Investigated In the sodium 
carbonate/bicarbonate electrolyte. Maximum susceptibility occurs at
-430  mV, coinciding with the predicted value from the potentiodynamlc 
polarisation work. Cracking is not as severe as with the NH Jsl03  electrolyte
only occuring over a 100 mV range, with the minimum relative Tf just  below 
50%. The additions of impurities are not very significant, being slightly 
beneficial. These results indicate that, in general, impurities are unlikely
to be a problem In mild steels, and that only in NH^vIO3  solutions In certain 
potential ranges does any detrimental effect become apparent, and then only 
for phosphorus.
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6 .1  Experimental Technique
The experimental technique is identical to that described in section 4.1.  
A strain rate of lO " ^ ” 1 is used. The reference electrodes are as described 
In section 5. 1.
6 .2  Constant Strain Rate Results
The effect of flow rate is investigated over the available range, since the 
potentlodynamic polarisation results suggested this to be important. Altering 
the flow rate from 0. 25 to 3 litres per minute does not influence the T f for 
results taken at -430  mV. As mentioned in section 5. 2 the narrowness
of intergranular cracks are likely to minimise any such effect. Furthermore, 
the highly concentrated solution used here will also tend to minimise any 
flow rate influence. For the subsequent experiments a flow rate of 1 litre
per minute is used, as before. The reproducibility of the stress corrosion 
tests are ± 5%.
The potentlodynamic polarisation results indicate the maximum severity will
occur at -430  mV. To check this, test are performed around this potential, 
and the results are shown in Figure 6 .1 .  This confirms that -430  mV is the
potential of the maximum susceptibility. At more positive potentials, into the 
passive region, the relative 7> rapidly increases to that In paraffin. (Results 
are again normalised using Table 4 . 1 ) .  At more negative potentials the
relative Tf slowly increases, presumably due to crack blunting with more 
general corrosion. With all the alloys there is no measureable decrease in 
the gauge diameter due to bulk corrosion. Thus, unlike with the NF^NC^ 
electrolyte, the bulk corrosion characteristics do not indicate any likely 
change in the cracking characteristics. For the following analysis of the 
complete alloy set, -430  mV is used. Since, for the different potentials the 
portion of the fracture due to IGSCC is small, and it would consequently be 
difficult to see any difference between the alloys in their behaviour.
Results for all of the alloys are shown in Figure 6 .2  for -430 mV. Within 
the precision of the results it is clear there is no marked impurity 
dependence; although again there is a tendency for the relative T f to 
increase above the base alloy value with the addition of impurities. This is
particularly apparent for the copper alloys, where the relative Tf for the HCu 
alloy is 15% above the base value. No detrimental effect is noted for any
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Figure 6 .1  Relative time to failure In 0 .5M N a £ 0 3  + 1M 
NaHCOg at 75 °C for the segregated base and 
phosphorus alloys, strain rate = lO ^s"1.
Impurity, although with Increasing concentration of phosphorus and sulphur 
the relative Tf falls towards the value of the base alloy. This indicates, that 
at even higher concentrations of phosphorus and sulphur, a detrimental 
effect on the Tf may be observed.
6 .3  Discussion
The potential region of maximum IGSCC susceptibility is established, and 
corresponds exactly with the predicted value from the potentlodynamic 
polarisation measurements using Parkins' method. The results also agree
closely with Sutcliffe et al52, as shown in Figure 1.21.  The effect of flow 
rate is shown to be unimportant. This is probably a consequence of the
narrowness at the crack tip which minimises the bulk flow effects at the tip, 
and also of the high concentration of the bulk solution. The results for all 
the alloys reveal that the base alloy is comparatively Insensitive to the 
presence of Impurities and will suffer IGSCC as a pure alloy. The additions
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Figure 6 .2  Elemental Influence on the relative time to failure 
at -430  mV In 0 . 5M Na 2 C 0 3  + 1M NaHCOg at 
75 °C for the segregated alloys, strain rate = 
lO ^ s -1 . refer to the concentration levels.
of Impurities tend to Increase the relative Tf% and only at high 
concentrations of phosphorus and sulphur does the relative T f decrease back 
to a value close to the base alloy.
A more comprehensive comparison with the results taken in the NH*NC^ 
electrolyte reveals the following. In the NH^MOg electrolyte IGSCC occurs
across a wide potential range, from Ec to above 1100 mV, and the relative 
Tf achieves a minimum of «10% across a wide range. Whereas in the 
Na2 COg/HC0 3  electrolyte, susceptibility only occurs in a region 100 mV
wide, and the relative Tf only drops to «50%. This clearly demonstrates that 
the NH4 N 0 3  electrolyte Is by far the more aggressive environment. Since in 
both environments the presence of carbon is sufficient to induce
susceptibility, the impurities only appear to have small affects on the SCC 
behaviour, and then only under particular conditions. These conditions 
appear only to be satisfied in the aggressive NHJMOg electrolyte. Small 
controlling effects on the dissolution process in a aggressive solution by
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Impurities, lead to an observable Influence in the T f that Is not observed 
In the more milder solutions. Since the NH^NOg electrolyte is the most
aggressive environment for mild steels, other environments are unlikely to 
show an Impurity effect as strong as that in the NHJSIOg which, even here, 
is not particularly significant. Under most industrial conditions no detrimental 
impurity effect will therefore be observed, since the intrinsic propensity to 
IGSCC will normally be dominated by carbon.
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Chapter 7
XPS FOLLOWING IMMERSION IN NHANOQ4 3
INTRODUCTION
X-ray photo-electron spectroscopy (XPS) is used to characterise the 
outer-most layers of the surface oxide after Immersion in NH JVI03  at specific 
potentials. Results show the oxide is basically magnetite at E c and 
transforms with increasing potential until it is completely ferric oxide above 
the active/passive transition. The angular dependency of XPS reveals that 
the oxide composition varies with depth. Near the oxide/electrolyte interface 
there Is an enrichment of ferric oxide, whereas towards the metal/oxide 
Interface an enrichment of ferrous oxide occurs. Identification of the oxide 
type allows a direct comparison with the corrosion behaviour and shows that 
the ferrous oxides are probably associated with the oxide formation 
Immediately above Ec and the slow passivation rate observed there. Above 
the active/passive transition the ferric oxide provides a more protective oxide, 
which allows fast crack propagation.
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7.1 Experimental
Samples 14 mm in diameter and 0 .8  mm thick are polished on 600 SIC 
under water and then dry on 800 paper. They are washed in alcohol and 
degreased in dichioromethane. dried and immediately immersed Into
5M NH4 N 0 3  at 75 °C at a test potential. On removal, the samples are 
rinsed in distilled water and allowed to dry in air. Specimens are then 
mounted on tantalum holders and introduced into the vacuum system, a VG 
Escalab Mk II (base pressure 2X10-9 Pa) with a unmonochromated radiation 
source of Al Ka. A constant pass energy of 50 eV and 3 mm slits are used. 
Data Is acquired by an Apple minicomputer using the VGS 1000 software. 
The energy scale Is calibrated according to the procedure of Anthony and 
Seah105.
7 .2  Results
Samples that are immersed for 2 minutes at -3 0 0 . -100  and 660 mV are 
analysed by XPS. A wide scan spectrum is shown in Figure 7 .1  for 
-300  mV. The oxygen and carbon intensities are similarly high for each 
potential condition, indicating a level of atmospheric contamination following 
removal from the electrolyte and prior to insertion into the vacuum of the 
XPS Instrument. Since no time dependent spectral effects are noted in the 
XPS analysis of samples over periods of more than 60 minutes, it is 
concluded the specimens do not degrade during analysis. The most 
interesting part of the spectrum is the Fe2p 3 / 2  peak, from which the 
oxidation state iron can be determined. The selection of just this peak to 
study the behaviour of iron is justified since the behaviour of all the Fe peaks 
are similar1 0 6  and so the most Intense, the 2p3/2, is studied. A typical 
spectrum of the Fe 2p 3 / 2  peak is shown in Figure 7 .2  for a sample 
immersed at -300  mV. No impurity influence is noted in the results.
The deconvolution of the 2p3 / 2  peak is considered in detail later, but first 
we note the occurrence of a sub-peak at 706.3  eV, shown in Figure 7 . 2 ,  
which corresponds very closely to the metallic state. This is unusual and 
therefore the surface topography is examined to determine the oxide 
homogenity and thickness. An SEM image of the surface, shown in 
Figure 7 .3 ,  reveals that the surface is not homogenous. The lighter patches 
appear slightly higher above the generally etched material. Coverage of the
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specimen by these lighter areas is almost complete at 660 mV, but takes 
a minimum of 40 minutes at -300  and -100  mV for a similar coverage. This 
latter point reflects the current instability observed in the scratch electrode 
test. The darker areas in Figure 7 .3  are consistent with a few microns of 
etched material. In solution this surface may be covered by a loosely 
associated overlaying film. If this film is of a gelatinous nature the following 
procedure may confirm its presence. The rinse with distilled water is omitted 
to leave any fragile film intact, and one side of the specimen is wiped with 
a soft brush. The wipe may provide some contrast, if the film is only weakly 
adherent. However, after following this procedure the sample appearance 
is no different from Figure 7 .3 .  and so it is not possible to comment on 
the possibility of such a film. Thus, it is only possible to conclude that the 
material is oxidised to varying thicknesses. Even in the dark etched areas 
of Figure 7 .3  oxide thicknesses can be expected to be greater than 1 /im , 
therefore the possibility of any metallic iron in the surface region remains 
anomalous.
Peak deconvolution is now considered. For the peak synthesis routine 
three peaks are selected; these correspond to the neutral and metallic 
charged states of iron ie. 2 + and 3+. The binding states of iron have been 
investigated by others106,107, and the states mentioned above are the only 
ones that can be identified with confidence. It is not possible to distinguish 
between oxides, hydroxides or oxy-hydroxides of iron. From standard samples 
the position of the respective peaks are set by Brundel et al1 0 6  to be F ^  
= **707.0,  Fe2* = **709.5. and Fe3* = **711.0 eV. For comparison, the 
PHI handbook for XPS1 0 8  gives Fe° = 706. 75 and F e 3* = 710. 7 eV. This 
gives an indication of the range of values permissable in the fitting routine. 
Also the peak widths are given as 4 .5  eV for the oxide states and **2.0 eV 
for the metallic state. A further parameter defining the peak shape is the 
tail height and this is again taken from Brundle et a l 1 0 6  with Fe° = 30%, 
Fe2* = 60% and Fe3* = 52%. Despite there being only three chemical 
states, the spectra of the Fe2p peaks are frequently complicated by the 
presence of shake-up satellites. The satellite intensities are very sensitive 
to environment but. for the results presented here, they appear very weak. 
Therefore, no attempt is made to fit any satellite peaks.
For all the results the following spectrum processing is carried out. 
Spectra are initially smoothed and the Ka 3  4  satellite due to Fe2p 1 / 2  is
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Figure 7 .1  XPS wld© scan spectrum, Tor a sample immersed 
for 2 minutes at -300  mV In 5M NHJVJOg at 75 °C . 
and normal emission
removed. Peak areas are measured after removal of a background 
proportional to the high kinetic energy side of the spectrum, established by 
an iterative technique (Shirley background). For the peak fitting the 
backgrounds are not removed and for ail the different immersion conditions 
a common set of peak parameters are found for the 2 p 3 / 2  peak as shown 
in Table 7.1.  These values correspond very closely with those mentioned 
above from the literature. To fit the peaks for all the immersion conditions 
only the intensities are varied, although some variation in the other 
parameters could be justified since the surface is not uniform and some 
charging may occur. The good fit obtained for all the spectra, justifies 
leaving out the satellite structure, although there is some evidence in
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Figure 7 .2  Narrow scan of the Fo 2p 3 / 2  after Immersion at
-300  mV In 5M NH 4 N 0 3  at 75 °C; and at grazing
emission at 75°
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Figure 7 .1  of a shake-up satellite at «716 eV, which probably arises from
Fe2*. In any event this will not alter the measured fractional composition of
each binding state within the 2 p3/2.
The angle of analysis Is important in determining the sampling depth of 
the photoelectrons, which is given by an expression that is identical to 
equation 1.31.  Thus at grazing emission, only the outermost 1-2 monolayers 
are analysed, whereas at normal emission sampling depths are typically 5-10  
monolayers for the Fe 2p3/2. Analysis of the samples with varying angles
of emission immersed at -3 0 0  mV shows a significant shift in the relative
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Fig 7.3 Sample immersed at - 100m V for  2 minutes (X500)
TABLE 7 .1
Pitting Parameters for XPS Peak Synthesis of Fe2p3/ 2
Fe. 0 Fe2+ Fe3+
Energy (eV) 
Peak Width (eV) 
Tail Height (%)
706.4
2 . 2
40
709.4
60
3.8
710.7
3.8
53
intensity for each binding state. At normal emission the fractions are 37 .8 ,
24 . 5  and 37.6%,  and at 75° from normal are 15 .0 ,  26 .3  and 58.7% for 
Fe°. Fe2+ and Fe3+, respectively. Hence the bulk of the oxide tends to be 
in a lower oxidation state, but near the outermost surface it is higher, with 
an increased ferric concentration.
The fractional composition of the Fe 2p 3 / 2  from the different oxidation 
states as a function of immersion potential are now considered, and are 
shown in Figure 7.4.  The results are taken for grazing emission, which is 
the most sensitive condition for identifying the components in the top '1 . - 2  
monolayers of the surface. These results clearly show the 3+ state increases 
with potential, whereas the 2 + state decreases, and is not detected at
660 mV. The Fe° decreases with potential, but 3% is still present at
660 mV.
7 .3  Discussion
The peak synthesis routine is successful in fitting the Fe 2p 3 / 2  peak, 
using peak positions and shapes for the sub-peaks very close to those from 
the literature. Furthermore, the same peak position and shape values are 
used for each spectrum for the different immersion conditions, only varying
the intensity of individual sub-peaks for the fit. This gives a lot of confidence
to the peak intensities of the synthesised peaks. In general there is no 
evidence of satellites, and these are not included in the fitting routine.
The oxide composition changes significantly with immersion potential. At
Chapter 7. 3 p15 9
100
CM
CO
a
CM
o
oe
- 3 0 0 -100 6 6 0
Potent ial /V (SHE)
Figure 7 .4  Oxidation state dependence of Fe2p3/2. for mild
steel immersed for 2 minutes in 5M NH^sl03  at
75 °C; analysis at 75° .
E„, the fraction of Fe 3 V F e 2+ corresponds to magnetite in agreement with 
X-ray diffraction measurements1^ * 1+»29. With increasing potential F e2+ steadily 
decreases, and is totally absent above the active/passive transition. The
composition as a function of depth shows that on the outer-surface the oxide
contains a larger fraction of the higher oxidised state, progressing to an 
enrichment of the lower oxidised state towards the metal surface in the oxide. 
This is consistent with the known oxidation process, the F e2+ oxide always 
being the first stable state following dissolution of iron: with continued 
corrosion iron is oxidised up to the 3+ state. This is in accordance with the 
oxidation behaviour described in section 1 . 2 .
The presence of a peak corresponding closely with the metallic state is 
unusual. Although the oxide builds up irregularly, the whole surface 
undergoes dissolution, and it is surprising that any iron is left in the metallic 
state. Since carbon is known to be incorporated into oxide films in steels, 
the possibility that this peak at 706.4  eV is due to an FeC compound is 
considered. No values in the literature are available for FeC compounds.
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but the behaviour of other transition metal carbides indicate peak positions 
very close to the metallic state. The relative peak areas of the 706.4  eV 
peak, shown in Figure 7 .4 .  and labelled Fe°, follows the level of bulk 
corrosion for each immersion potential. At -300 and -100  mV there is 
approximately equal peak areas at 706 .4  eV, reflecting the similar level of 
bulk corrosion attack for these potentials, but at 660 mV where there is 
minimal corrosion the peak area level drops right down, following the amount 
of corrosion. Since carbon is known to accumulate in the oxide during the 
dissolution process, and the peak area of the 706.4  eV peak tends to follow 
the amount of bulk corrosion, this peak is almost certainly associated with 
an iron carbide compound within the oxide. An additional reason for labelling 
this peak as an iron carbide is that, for this system, there are no other 
possible iron compounds that could form and give rise to a peak at this 
energy. Thus, since metallic iron is very unlikely, the peak at 706 .4  eV can 
be attributed with some confidence to an iron carbide, probably Fe^5. The 
Fe3C peak is not likely to be associated with carbon which comes from the 
adventitious surface contamination layer for the following reasons. The 
carbon concentration in the C Is  is approximately equal for each potential 
condition and does not correspond with the factor of five difference in the 
Fe3C concentration between the varying potential conditions, as shown in 
Figure 7.4.
The XPS data can be equated with the stress corrosion behaviour. From 
-300  to -100  mV the specimens form thick black oxides, which are shown 
here to contain magnetite and Fe3C in the surface region. This protective 
film only slowly passivates in the NH 4 N 0 3  electrolyte, as reflected by both 
the applied current undergoing oscillations and the SEM pictures 
confirming a slow build up of a thick overlying oxide. Since there is an 
enrichment of Fe2+ in the bulk of the oxide, which is not present in the 
more stable oxide at high potentials, it is probable that this Fe2 + oxide or 
hydroxide causes the instability, as shown in the reactions given by 
equations 1.13 and 1.14.  At 660 mV specimens quickly passivate, indicating 
the formation of a very intact and secure protective film, which the XPS 
results show to be a ferric oxide, probably Fe 2 0 3. However, even this film 
contains some Fe3C which probably leads to some local porosity in the oxide 
and subsequent attack. This Is the most likely cause of the susceptibility at 
the grain boundaries. This is very similar to the conclusions of F lis 16. 
although he was only able to make these from the bulk behaviour, unlike
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the conclusions which are drawn here directly from the behaviour at the 
outermost monolayers at the surface. These XPS measurements are important 
in demonstrating that carbides are present in the outermost layers, the 
region of the film which has the greatest effect on bulk passivity. In a similar 
way that carbon is incorporated into the oxide, the same effect may also 
occur for the impurities in this study. At 1100 mV where carbon does not 
induce susceptibility, but phosphorus is shown to be decisive, a similar 
mechanism of film breakdown may occur due to phosphorus and the 
formation of phosphides.
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Chapter 8
REVIEW OF 
LEA AND HONDROS'S RESULTS
INTRODUCTION
In section 1 .4  the results of a similar study by Lea and Hondros1 are 
discussed. Their work is now compared with the results obtained here. The 
scope and experimental conditions of the two studies overlap considerably 
and It Is informative to check the level of agreement between them. Lea and 
Hondros show a detrimental effect for a wide range of impurities with a 
comparitatively immune response for their pure base alloy. This contrasts 
with the results obtained here, where only the phosphorus impurity is 
detrimental, and the other impurities are beneficial towards a more 
susceptible base. The discussion centres around the carbon level in Lea and 
Hondros's material, which if lower explains their observed specimen 
behaviour. Evidence of a loss of carbon is deduced from the stated heat 
treatments for normalising and segregation.
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A summary of the work of Lea and Hondros is shown in Figure 1.27.  
and is compared with the present work, and specifically that shown in Figure 
4.14.  The material and impurity levels, plus experimental conditions are very 
similar between the two studies, and are shown in Table 8 .1 .  The major 
difference and therefore uncertainty, only appears to occur with the potential. 
For this work it is carefully controlled, but in the pioneering work of Lea 
and Hondros. an open circuit condition was used. This allowed the value 
of the free corrosion potential to vary within a test. However, the work 
presented here shows that Ec for their work should be in the range of -300  
to -100  mV, as shown in Figure 4 .6 .  Since Lea and Hondros's results show 
a severe effect for all impurities, a condition is selected from the results 
here which coincides with their likely potential, and demonstrates the greatest 
impurity effect for these results, ie the condition of -200  mV (Figure 4. 14)
Even a superficial comparison of these two sets of data reveals significant 
differences, of which the relative T f for the base alloys is particularly 
marked. For the base alloys the relative T f is. for Lea and Hondros 86%. 
and for this work 49% at -200  mV. The effect of Mn and Si in these carbon 
steels are discussed in section 1 .4  and are shown not to be significant. 
Therefore the differences in the Mn and Si levels between these materials 
are not important. The strain rate differences may have a small effect; a 
slightly higher strain rate tending to increase the relative T f for the results 
here compared to those of Lea and Hondros. but by no more than 5%. The 
differences in test potential are not particularly significant. Even for the most 
favourable comparison of the Tf results for the base alloys, which occurs 
at -300  mV. there is still the significant difference between 86%. as before, 
and now 54% for this work. This anomaly, of the different relative time to 
failures. Is temporarily left unresolved, while some other problems with 
differences between the two sets of data are considered. The heat treatments 
are different and, coupled with a different specimen manufacturing route, 
lead to a speculated problem with specimen uniformity for Lea and Hondros's 
material. This will be discussed in detail later but first we note the crucial 
role of impurities in inducing susceptibility in Lea and Hondros's material. 
The work here shows that only phosphorus is detrimental, and then only 
reduces the relative Tf to 75% of the value, for the base material. Their 
reduction under similar conditions is however 44%, and, in addition, they 
observe that every impurity is detrimental, including S. Sn. Cu and Ni tested 
here. Thus Lea and Hondros's pure base alloy appears virtually immune to
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Table 8.1
Summary of Eaqjerimental Conditions
Present work Lea and Hondros
Material 0.15% C, 0.8% Mn,
0.05% Si
Environment 5M NH4NO3 5M NH4NO3
Temperature 75 °c 75 °c
Strain Rate I0~6s - 1  2xl0_6s - 1
Potential -200 mV -300 to -100 mV
Normalisation 1200 °C, 1 hour 800 °C, 2 hour
Treatment
Segregation 500 °C, 48 hour 600 °C, 100 hour
Treatment
IGSCC in a NH4N 03 solution, a particularly anomalous result in the context 
of the known susceptibility of Fe-C  alloys, as discussed in section 1 . 2 . 2  
and shown in Figure 1.15.  and is critically dependent on the presence of 
impurities.
In Chapter 2. 1 the degree of decarburisation during specimen 
manufacture is closely monitored to ensure that the specimen material is 
taken from bar stock unaffected by the heat treatments. The specimen 
preparation method stated by Lea and Hondros for their material may be 
analysed to check the level of decarburisation in their work. Their material 
is hot rolled to 3 mm thickness and then heat treated at 800 °C  for 2 hours 
followed by a segregation treatment of 600 °C for 100 hours. The diffusion
0.15% c, 0.05% Mn 
0.03% Si
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path length of carbon, which is shown in section 2 .1  to correspond to the 
level of decarburisation. for these two treatments totals 1.03 mm. Their flat 
samples are finally machined to 2 .5  mm. a reduction of 0 . 25  mm on each 
side. Therefore decarburisation occurs into 67% of the sample, leaving a 
surface layer of low carbon steel around the specimen and possibly denuding 
the grain boundary zones. Without the detrimental influence of carbon the 
addition of impurities become far more significant, explaining the observed 
critical dependence of Lea and Hondros's material on impurities.
Apart from carbon influencing the IGSCC behaviour, the segregating 
propensity of the impurities will be modified. Hence a difference in the 
segregation behaviour may collaborate the above analysis, in section 2 . 2 . 4  
the level of phosphorus segregation is investigated. A comparison between 
Lea and Hondros's, Erhart and Grabke's90 and the present work reveals a 
relatively high phosphorus segregation level for the carbon steel of Lea and 
Hondros. This is summarised in Figure 2.11.  Lea and Hondros's phosphorus 
segregation level is only consistent with a lower carbon level than the stated 
bulk concentration of 0 .15%.  The inverse relationship between phosphorus 
and carbon segregation is a consequence of site competition. This site 
competition behaviour can be used along with the extensive data for various 
F e -C -P  alloys of Erhart and Grabke to estimate the carbon level in the 
decarburised region of Lea and Hondros's material. Based on the increased 
level of phosphorus segregation from 12% for this work, to 27% for Lea and 
Hondros's work, the carbon level should be below 0.01%.  Further evidence 
for decarburising can be deduced from an AES spectrum presented by Lea 
and Hondros. This particular result is for a tin impurity doped alloy, but the 
carbon level should be similar for all their alloys. Quantifying the carbon 
level using equation 2. 7 .  the grain boundary concentration is 10%. This is 
a very low level, and again is only consistent with the bulk carbon level 
significantly below 0 .01% .
The work of Lea and Hondros is the most comprehensive study in the 
literature of the impurity effect in carbon steels suffering IGSCC. However, 
the analysis above indicates that their material composition is not uniform, 
in that the tensile specimens are decarburised to a depth of around 0.8m m . 
Three separate pieces of evidence support this conclusion. (I) The 
anomalously low susceptibility of the base alloy in the NHJvl03 electrolyte,
(ii) the calculated decarburisation level following the heat treatments, and
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(iii) the higher and lower segregation levels of phosphorus and carbon, 
respectively, as detected by AES. We conclude that their samples are 
essentially a mild steel centre covered in a layer of very low carbon steel. 
Since in the constant strain rate test we only analyse the outer portion of 
the sample, where crack initiation and propagation occur, the study by Lea 
and Hondros is consequently not for a mild steel but for Iron. The 
conclusions of by Lea and Hondros. that all the impurities are detrimental 
to carbon steels, is therefore wrong. Rather the results confirm that 
impurities induce IGSCC susceptibility in an otherwise Immune pure Iron, or 
in steels where the carbon activity is very low.
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Chapter 9
DISCUSSION, SUMMARY AND 
FUTURE WORK
INTRODUCTION
This study characterises the influence of impurities on the IGSCC of a 
carbon manganese steel in NH4N 0 3 and N a2C 0 g /H C 03 electrolytes. The 
results indicate that the material's susceptibility is dominated by carbon and 
is insensitive to all the impurities, except for phosphorus, and that this only 
occurs in the NH4N 03 electrolyte in two potential regions. The use of 
potentiodynamic polarisation for predicting susceptibility in the Nh^NC^ 
electrolyte is only partly successful. Although potential regions of severe
cracking are identified correctly by this method, the relative influences of 
impurities are not shown throughout the complete potential range. Bulk 
corrosion properties, and the lack of sensitivity to heat treatment, show that
the initial impurity distribution is not critical to the IGSCC properties in the
NH4N 03 electrolyte. The potentiodynamic polarisation technique, using 
Parkins' method of predicting IGSCC susceptibility, is very successful in the 
Na2C 03/H C 0 3 electrolyte. The mechanisms of how carbon and the impurities 
may Influence cracking in both electrolytes are discussed. The most
important mechanism is considered to involve the interference of carbon and 
the impurities with the integrity of the oxide. The reaction products from the 
impurities may also improve crack wall passivation, particularly for 
phosphorus. The metallic elements are likely to act by limiting the detrimental 
influence of carbon, thus via this secondary action affect IGSCC.
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9 .1  IGSCC Behaviour
The IGSCC behaviour of a carbon manganese steel is established using 
the constant strain rate technique. The impurity effects are characterised 
in two environments. NH4N 03 and NagCOg/HCOg. and with the material in 
two different final heat treated conditions. One of these heat treatments is 
used to enhance the impurity concentration at grain boundaries, the other 
is used to minimise it.
In Chapter 1 the IGSCC properties of carbon manganese steels are 
reviewed. It is noted that carbon is crucial in determining the material 
properties, both physical and chemical, but the other alloying elements, Mn 
and SI. are not critical in their usual composition range. Many detailed 
studies in low alloy and stainless steels indicate that impurities are very 
important in determining the IGSCC properties. This type of study is extended 
by Lea and Hondros to carbon manganese steels, where they find a 
detrimental dependence for a number of impurities, similar to that in low 
alloy and stainless steels. This latter work provided a stimulus for the present 
study. However, in contrast, the results here show only a minimal 
detrimental effect for phosphorus alone, with the other impurities appearing 
slightly beneficial. This conflict with Lea and Hondros's work is dealt with 
in the previous chapter, where it is concluded that a loss of carbon from 
their material leads to the observed general detrimental effect of all the 
impurities.
The minimal effect of impurities, and the apparent susceptibility of the 
pure base alloy in this study, indicates that the influence of carbon is 
paramount in determining the IGSCC behaviour. In the N^CC^/HCC^ 
electrolyte no detrimental influence for any impurity is observed and for the 
HCu alloy a significant increase In the relative Tf of 18% above the base 
alloy is recorded, as shown in Figure 6 .2 .  For the NH^M03 electrolyte a 
detrimental influence is only recorded for phosphorus, the other impurities 
are moderately beneficial. For phosphorus the detrimental effect is in a 
narrow 100 mV region above Ec. where the relative T f is reduced from 49 
to 43%. for the base alloy and a typical industrial alloy of 0 .02% P. 
respectively. Phosphorus is very Important in inducing SCC above 1000 mV. 
where the base alloy is Immune. But this very high potential is not significant 
in terms of industrial relevance, and is not studied in any detail.
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The impurity distribution within the material is considered. To enhance 
any impurity grain boundary effect the material is given a typical segregation 
treatment, and characterised partly using AES. as shown in Table 2.12.  
The phosphorus and carbon segregation levels are in good agreement with 
Erhart and Grabke's measurements90. A desegregation treatment is also 
used, the impurity grain boundary concentrations are not quantified, but are 
estimated to be well down on the segregated ones. Constant strain rate 
results in the NH4N 03 electrolyte from this desegregated material at 
-2 0 0  mV. reveals a similar response to the segregated material. This implies 
that the impurity grain boundary composition is not critical in this 
environment. We have noted here that the bulk corrosion/passivation rates 
are modified by the bulk impurity levels. Furthermore, bulk corrosion should 
be insensitive to the Impurity distribution, and hence the same results are 
observed for the segregated and desegregated material. These effects by 
impurities that occur during bulk corrosion, should also occur within the 
crack. This does happen; the crack face becomes more corroded with the 
same variation in impurities, as the increasing loss In bulk passivation. 
Phosphorus is an exception to this, as discussed below. Thus, since there 
is extensive intergranular corrosion along the crack path, resembling bulk 
corrosion, the original grain boundary concentration is shown not to be 
critical. Therefore, the unusual occurrence of a grain boundary corrosion 
phenomena being insensitive to its own original composition is elucidated. 
Since the intergranular crack path is delineated by the carbon present along 
the boundary, it is not necessarily a condition that any impurity originally 
be present along the grain boundary to have an effect on IGSCC in the 
NH4N 03 electrolyte. It is also possible during this dissolution period, which 
may dissolve up to a micron of material, that insoluble impurities may easily 
concentrate within the growing oxide film, possibly at the electrolyte 
interface. This may amplify the effect of impurities and exacerbate the 
passivation process. This mechanism is plausible with the comparatively high 
level of corrosion In the NH4N0^ electrolyte, but in the N^CC^/HCC^ 
electrolyte where passivity is readily attained any impurity effect will be limited 
to the original grain boundary composition. The discussion now continues 
with the segregated material only.
A detailed analysis of the stress corrosion samples in the Nh^NOj 
electrolyte, of how the impurities affect the IGSCC behaviour in a remedial 
manner, indicates that the likely mechanism is by delaying passivation. An
Chapter 9. 1 p1 70
alternative mechanism to explain the beneficial effect of impurities, based 
on an opposite effect of improved passivation, is not consistent with ail of 
the results. A number of factors support the idea that a remedial effect of 
the impurities on IGSCC is due to a delay in passivation, as deduced from 
the measurements in the NH4N 0 3 electrolyte. These factors include the 
dependencies of bulk corrosion, of secondary cracking, and of the behaviour 
in the load after the yield point, on each of the impurity additions at their 
various concentrations. The delayed passivation modifies the crack tip 
conditions by allowing the crack to blunt or become stifled with corrosion 
products, both of which will slow crack propagation. For phosphorus this 
delayed passivation action must be balanced, to explain the observed 
behaviour for these alloys, by an oppositely improved passivating action 
remote from the crack tip. This is most likely to be accomplished by 
phosphates. These can concentrate in the confined crack environment, but 
in the bulk environment would be diluted significantly and cause no effect.
In the Na2C 03/H C 0 3 electrolyte the absence of any significant level of 
general corrosion at the test potential removes the possibility of impurities 
from within the bulk material affecting the intergranular corrosion behaviour. 
Therefore, the only impurities to contribute are those initially along the grain 
boundary, unlike the case in the N H ^ O g  electrolyte discussed above. The 
Influence of carbon dominates In the NagCOg/HCOg electrolyte, the impurities 
having no adverse influence. Any impurity which improves the passivation, 
is likely to have a remedial influence on IGSCC. A beneficial effect is noted 
for all the impurities and in particular for the copper additions in the 
Na2C 03/H C 0 3 electrolyte. This effect for copper is in common with Its known 
beneficial influence in steels by promoting magnetite film formation. Any 
improved passivation in the aggressive NH4N 0 3 solution is likely to have an 
opposite effect, sharpening the crack and improving propagation, as 
observed with phosphorus/phosphates.
Although in terms of IGSCC aggresslvlty. these are two contrasting 
environments, they allow similar conclusions to be drawn regarding the 
influence of impurities at typical residual levels (ie; the M values in 
Table 2 . 3 )  . Excluding phosphorus, all the impurities are harmless and may 
actually be slightly beneficial, of particular note is copper in the 
Na2C 03/H C 0 3 solution. Tin may also be regarded as beneficial, although 
it does not improve the relative time to failure, the small additions do
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improve the strength, as shown in Table 4. 1. Phosphorus is detrimental 
around a narrow potential region at -200  mV in the NHJvlOg electrolyte, but 
in a less aggressive solution, such as the Na^DOg/HCOg electrolyte, this 
small effect is easily lost.
From this work it is possible to specify upper limits for the impurity levels 
in carbon manganese steels, useful to a steel manufacturer and user. The 
following guide lines are therefore suggested. Regarding Sn. Cu and Nl there 
is no deleterious effect on the IGSCC of this material, these impurities being 
slightly beneficial. Hence, no change In the control of Sn, Cu and Ni 
concentrations from their present values are required. For sulphur no 
detrimental effect is noted In the IGSCC tests for either environment. 
However, for the high addition bulk corrosion is increased In the NF^NC^ 
electrolyte. Thus present sulphur concentration levels are acceptable but 
should not be relaxed. For phosphorus a more cautious approach should 
be adopted. While, in general, phosphorus may be harmless, in narrow
potential regions in nitrates some adverse effects may be noted, particularly 
in NH4N 03 electrolytes. Thus, present levels at around 0.02% P are 
generally satisfactory, and there would be little improvement in material 
behaviour if the concentration falls beyond 0.01%.  It is also emphasised that 
removal of all the Impurities Is no protection against IGSCC, and at the 
potentials of maximum IGSCC susceptibility for this material, failure Is
independent of impurities.
This study has not dealt with the possible interactions when more than 
one impurity is present at a time. This obviously could be the next stage 
in the experimentation. However, the dominant role of carbon in Inducing 
susceptibility under all conditions, and the minimal effect of impurities,
makes it very unlikely that any synergistic effect would be noted for a
combination of impurities.
9 .2  Predicting IGSCC Susceptibility
The potentiodynamic polarisation work performed in both environments is 
successful at identifying the potential regions of severe IGSCC. In the 
Na2C 03/H C 0 3 electrolyte the technique of varying the sweep rate developed 
by Parkins is employed. This correctly predicts a narrow region of IGSCC 
susceptibility above the active-passive transition, which is verified by the
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constant strain rate results. No Impurity dependence Is observed in any of 
the polarisation results and this is confirmed in the constant strain rate 
results.
In the NH4N 03 electrolyte an interpretation of the polarisation results is 
not so straightforward, since the variation in sweep rate technique is not 
applicable. By comparing the response from the base and impurity alloys, 
deductions are made to predict regions of IGSCC susceptibility. These are 
found to be correct, and correspond to severe IGSCC. No impurity effect 
is noted in the stress corrosion tests in two of the three regions identified 
by the polarisation work where some impurity dependence is detected. The
region where an impurity effect Is noted, around 1100 mV, is not considered
In great detail here; since the potential range is outside any industrially 
relevant regime. This lack of sensitivity to the impurities In the SCC tests 
contrasts with the parameters identified in Figure 3 .5  from the polarisation 
work. In this figure these parameters are shown to be dependent on the 
impurities, but unfortunately these effects do not correspond to any
modification of the IGSCC^susceptibillty. We quickly note that at 1100 mV 
where an effect for phosphorus is noted in the IGSCC properties, the 
parameter i2, from Figure 3 . 5 ,  does show some correspondence with the 
IGSCC susceptibility. In the potential region from Ec to -100  mV the
polarisation technique fails to indicate the observed detrimental influence of 
phosphorus in the constant strain rate tests. Furthermore. the
potentiodynamic polarisation results at 25 °C are misleading about the 
relative activity of the sample. Thus the potentiodynamic polarisation
technique is useful, in general, for predicting IGSCC but for detailed studies, 
and in some environments, lacks sensitivity.
The scratch electrode test, used here in a simple form, does show that 
IGSCC is possible in the potential range from E c to -100  mV. The success 
of this technique, when compared to the potentiodynamic polarisation
technique, lies with its ability to analyse bare metals at any potential without 
the need to cathodically polarise the specimen to remove the air formed 
oxide. This allows an unambiguous Interpretation of the current response. 
The results indicate higher currents than those obtained from the
potentiodynamic polarisation data at potentials above -200  mV. If these 
current densities are used to calculate crack velocities using equation 1.18.  
they are well in excess of the observed crack velocities. At -200  mV the
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predicted crack velocities are a factor of 10 too high, with an even greater 
disagreement at more positive potentials. This discrepancy is resolved by 
noting that the dissolution current at the crack tip may be transport limited, 
and that crack growth is probably periodic in nature. We can also relate 
the type of current response observed to the reactions given previously. The 
current oscillation observed at -100  mV is consistent with the behaviour 
discussed in section 1 .2 . 1. 1 and the reversible reactions given by 
equations 1.13 and 1.14.  The scratch electrode results are unfortunately 
not sensitive to the addition of impurities. For this to be possible special 
materials reflecting the grain boundary composition should be used. Such 
experiments could also be extended to encompass the effect of crack tip 
environment.
9 .3  Cracking Mechanisms: The Influence of Minority Elements
Cracking in this system is described by the slip dissolution model, and 
the high dissolution currents recorded here are consistent with this. 
However, within this general description the precise mechanism controlling 
dissolution at the crack tip is not always clear. There are models such as 
Turnbull's109, which do include crack dissolution, but these are concerned 
with modified bulk corrosion properties within the crack environment and 
generally do not give any indication of the role of minority elements in 
affecting dissolution. The term of “minority elements", as used here, is to 
include all the impurities previously discussed, as well as the low 
concentration alloying elements such as carbon, silicon etc. Identification 
of any of the possible mechanisms, of how minority elements can modify 
the corrosion properties is not straightforward; with speculation of many 
alternatives frequently encountered in the literature. The problem of 
identification lies with the level of experimentation that is necessary to 
categorically identify the possible mechanisms. Even the very good work by 
Oudar and Marcus80 which uses radio-active tracer techniques to establish 
the critical presence of a monolayer of sulphur on nickel in destroying 
passivity, does not directly show the role of sulphur. For the work here in 
the NH4N 03 electrolyte it is considered, in section 1 . 6 . 2 ,  that impurities 
probably interfere with the initial film formation and then subsequently prevent 
an intact oxide forming. This is probably achieved by impurities introducing 
defects into the oxide structure, which causes some porosity, facilitating 
continued electrochemical attack.
Chapter 9. 3
X-ray diffraction work has shown that carbon is incorporated in the oxide 
films on iron, and this has been speculated to cause a breakdown in the 
passivity of the oxide. The XPS results shown here, reveal that an iron 
carbide, which we assume for simplicity is Fe3C. is present in the outermost 
monolayers of the surface oxide, and that this presence may disturb the 
oxide passivation. The concentration of Fe3C in this surface region varies 
in a similar manner to the level of bulk corrosion and the consumed part 
of the specimen. Thus, the build up of Fe3C in the oxide may be either, 
a consequence, or a cause, of the prolonged corrosion attack; but for either 
case the continued presence of Fe3C will be detrimental for the long term 
passivity of the surface film. Therefore, this result does demonstrate that 
foreign atoms are incorporated in the outermost layers of the surface oxide 
for any oxide thickness. This accumulation is probably via some selective 
dissolution process, the final concentration being dependent in some manner 
on the total amount of dissolution. This process is not unique to carbon, 
and can probably occur with the other minority elements considered here. 
This is common with the behaviour assigned to phosphorus in low alloy steels 
by Bandyopadhyay and Brlant72"75. The deduction made here in section 1.4.  
of the behaviour of phosphorus in iron of Kupper et a l's 84 work further 
supports this detrimental mechanism of minority elements.
How minority elements may bring about this behaviour Is not known, and 
a considerable amount of effort would be needed to determine the exact 
mechanisms. Extending the ideas above, it is likely the incorporation of 
minority elements into oxides may introduce defects by a size misfit. The 
metal impurities will have less effect in this context, forming oxides of a 
similar lattice parameter to iron oxide. For C. P and S, however, compounds 
will be formed with iron which displace oxygen, and therefore have 
significantly different lattice parameters. The possible arrangement of these 
elements may either be as aggregates, forming small crystallites; or as a 
fine dispersion within the oxide. In the case of crystallites, the defect action 
due to misfit is still possible, but local electrochemistry may also become 
important, with a possible galvanic action. However, since the impurities 
are not originally in aggregates along the crack path, a mechanism during 
dissolution would be needed to concentrate them. This is unlikely, and they 
probably remain as a dispersion. In this case a single minority atom at one 
atomic site confers vulnerablity to attack, especially if it resides at a key 
site for the dissolution-passivation process. This acts as a potential flaw to
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oxide integrity, and therefore interrupts the passive film and promotes 
corrosion. Besides the size misfit, the chemical nature of the impurity Cits 
electronegativity, etc) and the environment are important. Therefore, since 
there are many factors that may influence the effect of minority elements 
in corrosive systems it is very difficult to be precise on the particular action 
of any element in a specific environment. However, it is likely that the 
strongest effects will be observed with C, P and S. plus N and Si to a lesser 
extent. Of course these elements must be available at the solid/electrolyte 
interface to participate in the corrosion process, if these elements are 
precipitated as stable compounds within the solid matrix, like carbon in low 
alloy and stainless steels, they are unlikely to be detrimental.
In the less aggressive electrolyte of NagCOg/HCOg the detrimental action, 
due to a loss of oxide integrity, probably still occurs due to the presence 
of carbon. However, for P and S no detrimental action is observed, unlike 
the situation In the NH4N 0 3 electrolyte, with there being a beneficial effect 
on the relative Tf for the addition of these impurities. In the case of 
sulphur, with the limited amount of dissolution in this system, it is unlikely 
that the electrolyte comes into contact with the sulphur. Sulphur does not 
segregate to the grain boundaries, since it is precipitated as MnS; hence 
the crack path will be denuded of sulphur, the dissolution in the crack 
consuming too little of the material to Intersect with the MnS precipitates. 
The beneficial influence of sulphur then is probably not electrochemical in 
nature, although it is difficult to see how there could be any change in the 
mechanical properties to explain this effect. In the case of phosphorus, the 
quick passivation in this electrolyte makes any impeding influence likely to 
be insignificant. On exposure of phosphorus to the electrolyte, it may form 
a phosphate on the surface rather than a phosphide, and consequently not 
pass into solution. Thus the crack tip may become covered in a passive film 
containing phosphates, improving passivation and increasing the T f Thus, 
it is only carbon that increases IGSCC susceptibility, all the impurities being 
beneficial in this electrolyte. Carbon's action is probably In common with 
the mechanism deduced for the NH4N 0 3 electrolyte. In inducing IGSCC 
susceptibility by interfering with the oxide integrity.
From all the mechanisms discussed in section 1 . 6 . 2  these two, of a 
modification of the dissolution-passivation process and. of a loss in film 
integrity are the only possible ones to satisfactorily account for the start of
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IGSCC through an oxide film. The case for these mechanisms playing a major 
role In initiating and in continuing crack propagation in IGSCC are very 
strong.
The more minor influence of the metallic impurities are now considered 
in more detail. It is well known that copper and nickel are beneficial in 
preventing or reducing graphitisation in general corrosion, and furthermore 
that copper appears catalytic in the formation of superior magnetite films, 
in carbon steels the crack path is delineated by carbon/carbide along the 
grain boundaries, and the influence of the metallic impurities are assessed 
with respect to modifying the action of carbon. Thus along the grain 
boundary crack path the high metallic impurity levels, due to segregation, 
can be expected to modify the reactions involving carbon. This is most likely 
to result in improved passivation within the crack for the two actions 
mentioned above. In the mildly aggressive sodium carbonate/bicarbonate  
electrolyte, improving the passivation will be remedial, retarding the already 
weak corrosive attack at the crack tip. This reflects the observed behaviour, 
with increasing Cu concentration the relative T f increases; and with
increasing Ni and Sn concentration there is a similar but smaller increase 
in the relative Tf above the base alloy. In the NH^slOg electrolyte this 
analysis appears no longer to hold. As discussed in Chapter 4 all the
impurities, including the metallic ones, delay passivation of the bulk which 
in turn increases the bulk corrosion in the potential region above E c. If the
passivation is improved on the crack walls, crack propagation would be
enhanced in the aggressive NH4N 0 3 electrolyte. The crack shape would 
therefore become sharper, leading to shorter failure times, resembling the 
cracking behaviour above the active-passive transition in this electrolyte. 
However, as mentioned before this is not observed. Rather, these metallic 
impurities appear to act in a similar way to C. P and S In the Nh^NC^ 
electrolyte. They delay passivation, as noted for the bulk corrosion 
properties, and so affect IGSCC by a similar method to C, P and S of 
interfering with the film integrity. Thus, it appears the metallic impurities can 
affect the cracking process by either improving or impeding passivation, but 
in both of these two electrolytes the effects are surprisingly beneficial on 
the relative Tf .
Of the other possible cracking mechanisms considered in Chapter 1 .6 , 
the influence by reaction products is the only other mechanism likely to be
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significant, in low alloy and stainless steels the detrimental effect of 
phosphorus and molybdenum is attributed to phosphates and molybdates 
improving crack wall passivation. This leads to a sharpening of the crack 
and increased propagation rates. In the work here for the phosphorus alloys 
the observed decrease in passivation during general corrosion, must be 
balanced by some improved passivation within the crack environment, to 
account for the observed manner of cracking. This is speculated to occur, 
as mentioned previously, by the action of phosphates. Thus the action of 
phosphorus in IGSCC is probably by two mechanisms: (i) An interference 
with the forming of a passive film at the point of active dissolution, 
(ii) Improved passivation by phosphates remote from the crack tip. None 
of the other impurities appear to be particularly effective in this latter 
mechanism of improved passivation by reaction products.
The other frequently discussed mechanism, of a galvanic action between 
the impurities and the matrix, does not appear to be correct. Lea and 
Hondros discuss this mechanism in some detail, and attribute the detrimental 
influence observed for every impurity to the difference in the free corrosion 
potentials between the matrix iron and impurities. However, the work 
presented here shows that a detrimental influence is not observed for these 
impurities, and the analysis based on galvanic action is therefore incorrect 
in predicting such. The reasons why these are incorrect, are discussed in 
section 1 .6 .
We now consider how specific any minority element effect will be for any 
environment, in the context of IGSCC in mild steels. The possible 
mechanisms are dealt with in some detail previously and it is shown that for 
just the two environments studied here, that the relative severity of elements 
changes between environments. However, the major detrimental influence 
derives from the alloyed carbon, with the impurities always of secondary 
importance. It is considered here that a detrimental influence of impurities 
is not generally apparent, except for phosphorus, which is only adverse in 
the more aggressive solutions. Since the NHJMOg electrolyte is the most 
aggressive regarding IGSCC in carbon steels, with susceptibility extending 
over a wide range of conditions and with the lowest relative time to failures 
observed for any electrolyte, it is very unlikely that impurities will appear as 
detrimental in other electrolytes as they do In NH^slOg. However, this should 
be checked with the particular electrolyte of interest, although any
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detrimental effect is only likely to be encountered with phosphorus.
9 .4  Summary
The work here shows that carbon is dominant In rendering carbon 
manganese steels susceptible to IGSCC. and that impurities are of only 
secondary importance in influencing the IGSCC properties. Of the impurities 
in this study. P. S. Sn. Cu and Ni. only phosphorus is detrimental and
this occurs only in the N H ^O g  electrolyte in a narrow potential range
around -200  mV. This potential range does not correspond with the potential 
where maximum IGSCC susceptibility occurs. Therefore the use of very pure 
steels does not confer immunity to IGSCC. A second potential region at high 
anodic potentials, around 1100 mV. shows that IGSCC is critically dependent 
on the phosphorus concentration, but this is considerably outside the 
industrially relevant potential regime, and is not considered in any detail 
here. At -200  mV the relative Tf is reduced to 0 .9  of the value for a pure 
base alloy, for a normal phosphorus impurity level in a commercial steel. 
In the Na2COg/HC03 electrolyte all the impurities, in particular copper, are 
beneficial. Thus present UK and EEC impurity levels are completely
satisfactory, with regard to IGSCC in the environments studied here. There 
should be some caution about present phosphorus levels, which may be 
detrimental under narrow specific conditions. Very little improvement in
material performance is obtained with phosphorus levels below 0 .01% .
The reason the impurities are unimportant is due to carbon, which 
dominates the behaviour. All the previous work in this area where impurity 
levels are not strictly controlled, is therefore directly comparable with purer 
steels. In low and high alloy steels impurities will be more detrimental since 
the free carbon activity is very low, due to its precipitation as very stable 
carbides. Thus in these alloy steels oniy the impurities are free to segregate 
to the boundaries, which remain carbide free, and it is the impurities that 
are consequently mainly responsible for the IGSCC susceptibility. However, 
in carbon manganese steels, attention must be drawn primarily to the carbon 
concentration and heat treatment, the impurities being of secondary 
importance.
The influence of impurities and carbon on the dissolution process is 
considered to occur mainly via a breakdown in the integrity of the oxide.
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This prevents quick passivation of the crack walls by introducing defects, 
which allows a continued attack by the corrosive media. It is speculated that 
phosphorus, although effective by a similar mechanism, also influences 
cracking via phosphates; these are needed to counteract the high level of 
corrosion at the crack tip that would otherwise occur on the crack walls. 
The metallic impurities may also improve crack wall passivation by impeding 
the detrimental effect of carbon and promoting a more intact oxide formation.
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9. 5 Future Work
This work has been very effective at showing there is no significant
impurity effect in the IGSCC of carbon steels or alloy steels with a high 
carbon activity but that such effects could be very important if the carbon 
activity is reduced. Therefore it is important to extend the work into the 
sector of low alloy steels in particular concerning the effects of phosphorus 
in other environments. An important aspect of this work would be to 
determine the precise mechanism via which the impurities then influence 
IGSCC. This is important in a number of systems, and some basic research
to characterise the impurity influence is urgently needed. A programme
characterising the electrochemical behaviour of simulated grain boundary 
material in a scratch electrode test would indicate the dissolution rate 
dependencies. Further, the environment should reflect the saturated
conditions that exist in cracks. This may require some preliminary 
investigation to determine crack environments in various solutions. The higher 
impurity concentrations in such experiments would also make XPS 
measurements of the impurities binding states possible, and allow their role 
in the electrochemistry and SCC phenomena to be more clearly identified.
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